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I.  INTRODUCTION  AND  BACKGROUND 


A,  MOTIVATION 


Recent  trends  in  shipbuilding  have  been  focused  on  reducing  the  overall  weight  of 
the  ship  to  increase  fuel  economy  because  of  higher  fuel  prices.  One  way  to  do  this  is  to 
use  lightweight  materials  such  as  aluminum  in  the  construction  of  the  superstructure  or 
even  the  whole  ship,  as  is  the  case  with  the  new  Littoral  Combat  Ships  (LCS). 
Aluminum  is  about  one-third  the  density  of  steel,  and  possesses  good  general  corrosion 
resistance.  These  attributes  allow  ships  to  go  faster,  travel  farther,  and  carry  larger 
payloads  given  the  same  amount  of  fuel  load.  Mattern  estimates  that  if  a  ship’s  weight 
were  reduced  by  15%,  its  fuel  consumption  would  decrease  by  10%,  its  range  given  the 
same  amount  of  fuel  would  increase  by  1 1.4%,  and  its  speed  would  also  increase  by  5.6% 
(Figure  1).[1] 


Figure  1.  Comparison  of  fuel,  range,  and  speed  with  a  15%  reduction  in  weight.  Note 
that  all  three  axises  have  the  same  2%  interval. (From  [1]) 


Despite  these  benefits  based  on  weight  savings,  aluminum  alloys  can  show  a  great 
vulnerability  to  stress  corrosion  cracking  (SCC)  and  intergranular  corrosion  (IGC)  when 
placed  in  a  marine  environment.  This  problem  goes  against  the  rationale  for  choosing  a 
5xxx  series  aluminum  alloy  because  it  is  supposed  to  be  one  of  the  more  resistant 


1 


aluminum  alloys  to  SCC.[2]  The  reason  for  this  vulnerability  to  SCC  is  because  of  the 
alloy’s  high  magnesium  (Mg)  content,  which  is  used  as  a  solid-solution  strengthening 
element.  Typical  5xxx  series  aluminum  alloys  used  in  marine  construction  have  between 
4.5  (AA5083)  and  5.7  (AA5456)  wt%  Mg. [2]  When  the  aluminum  alloy  is  exposed  to 
temperatures  above  50°C  for  a  prolonged  period  of  time,  the  magnesium  comes  out  of 

solid  solution  and  forms  □  precipitates  (AlsMga)  along  the  grain  boundaries.  This 

process  is  known  as  sensitization  and  is  responsible  for  intergranular  corrosion.  Any 
aluminum  alloy  with  magnesium  content  greater  than  3wt%  is  potentially  susceptible  to 
SCC  and  IGC  when  exposed  to  temperatures  greater  than  50°C  over  long  time  periods. [3] 
Figure  2  illustrates  the  sensitization  process  and  the  intergranular  SCC  (IGSCC)  that 
follows  when  a  tensile  stress  is  applied  after  sensitization.[l] 


(K'.SCC) 

Figure  2.  Schematic  showing  how  cracking  occurs  in  sensitized  material. (From  [1]) 

There  are  three  conditions  that  need  to  occur  simultaneously  for  SCC  to  take 

place;  1)  a  susceptible  metallurgy;  2)  a  corrosive  environment;  and  3)  a  tensile  stress  as 

shown  in  Figure  3.  If  any  one  of  the  three  conditions  is  removed,  then  SCC  will  not 

occur.  Obviously,  the  corrosive  environment  cannot  be  eliminated  from  the  scope  of  the 

working  environment  of  aluminum  ships.  Once  the  aluminum  alloy  5083  is  sensitized,  it 

can  be  difficult  or  even  impossible  to  mitigate  IGSCC.  Controlling  the  stress  state  is  a 

more  realistic  option  for  SCC  control  in  existing  ship  structures.  The  goal  is  to  reduce 
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tensile  stress  from  areas  with  sensitized  material.  Tensile  stresses  arise  from  two  main 
sources:  applied  stresses  and  residual  stresses.  Applied  stresses  come  from  a  number  of 
sources  including  the  hogging  and  sagging  because  of  the  ship’s  motion  through  the 
water.  Additional  applied  stresses  from  the  waves  and  wind  coupled  with  the  ship’s 
machinery  and  payload  create  a  state  of  dynamic  compressive  and  tensile  stresses. 
Sources  of  residual  stress  include  welds,  rivets,  and  bolts.  [1,2] 


Figure  3.  Venn  diagram  showing  the  mutual  importance  of  sensitization,  corrosive 

environment,  and  a  tensile  stress. 

This  issue  of  inter-granular  stress  corrosion  cracking  has  been  observed  in  both 
commercial  and  military  vessels.  Between  2001  and  2002  over  400  commercial  vessels 
constructed  of  aluminum  alloy  5083-H321  began  to  experience  severe  pitting  and 
extensive  SCC  making  the  vessels  unfit  for  traveling  at  sea.  [4]  The  Navy  is  also 
experiencing  SCC  in  the  aluminum  superstructure  onboard  its  Ticonderoga  class  cruisers 
(CG-47)  where  cracks  up  to  multiple  feet  long  have  been  reported. [2]  Cracks  have 
appeared  in  unusually  low  stress  areas,  such  as  deck  plating  and  bulkheads,  where  no 
stress  concentrations  were  present,  see  Figure  4. [2]  Fourteen  million  dollars  were  spent 
to  repair  SCC-related  issues  on  the  USS  PORT  ROYAL  alone,  and  across  the  CG-47 
class  there  have  been  over  3,000  reported  cracks  on  aluminum  superstructures. [2,5] 
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Figure  4.  Cracks  in  the  deck-plate  from  IGSCC  mechanism.(From  [2]) 

While  many  of  the  cracks  in  aluminum  ship  structures  are  caused  by  stress 
corrosion  cracking,  fatigue  loading  drives  the  majority  of  cracks  observed  in  aluminum 
ship  structures.  Fatigue  is  characterized  as  the  failure  of  a  material  after  being  subjected 
to  cyclic  loading.  Failure  occurs  at  stress  levels  much  below  the  ultimate  or  yield 
strength  of  the  material  and  is  the  single  most  common  cause  of  failures  in  metals  at 
around  90%  of  all  failures.  [6]  Crack  nucleation  almost  always  initiates  at  stress 
concentration  points  like  surface  scratches,  notches,  sharp  fillets,  and  weld  toes. [6]  The 
repeated  nature  of  the  hogging  and  sagging  of  the  ship  at  sea  and  the  effects  of  the 
residual  stresses  from  welding  create  a  favorable  environment  for  fatigue  to  initiate  and 
propagate  a  crack. 

The  prevalence  of  fatigue  cracks  is  particularly  common  in  aluminum,  as  most 
aluminum  alloys  do  not  have  a  clear  fatigue  endurance  limit,  or  threshold.  The  fatigue 
endurance  limit  is  the  amount  of  stress  that  can  be  repeatedly  applied  to  a  metal,  typically 
beyond  10  million  cycles,  below  which  no  cracking  will  occur.  Figure  5  shows  that  for 
aluminum  alloys,  the  stress  required  for  failure  continues  to  decrease  as  the  number  of 
cycles  increases,  but  there  is  no  stress  below  which  the  material  clearly  will  not  fail. [6] 
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10^  10*^  Fatigue  life  iq^  V  jq®  10^  10^° 
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Cycles  to  failure,  N 
(logarithmic  scale) 

Figure  5.  Stress  amplitude  (S)  verses  logarithm  of  the  number  of  cycles  to  fatigue 
failure  (N)  for  a  material  that  does  not  have  fatigue  limit.(From  [6]) 

Hogging  and  sagging  represents  the  clearest  example  of  fatigue  loading  on 
aluminum  ship  structures.  A  hogging  and  sagging  cycle  each  represent  the  minimum 

stress,  Dmin,  and  the  maximum  stress,  Dmax,  applied  to  the  ship,  respectively.  The  mean 
stress.  Dm,  is  found  through  Equation  1  while  the  stress  ratio,  R,  can  be  calculated  from 


Equation  2.  The  stress  range.  Dr,  and  the  stress  amplitude.  Da,  are  solved  through 


Equation  3. 
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The  stress  amplitude  (Da)  is  the  stress  seen  on  the  ordinate  of  Figure  5.  Based  on  the 


ultimate  strength,  Dut,  and  the  fatigue  limit,  Dfat,  a  larger  mean  stress  or  larger  stress 


amplitude  will  greatly  reduce  the  number  of  cycles  to  failure  at  a  given  stress  value.  The 
relationship  between  the  mean  stress  and  the  stress  amplitude  required  for  a  given  fatigue 
life  can  be  estimated  by  using  constant-life  relationships  such  as  the  Goodman  equation. 
Equation  4. 


<7=<7 


fat 


\  _^J!L 


(4) 


The  Goodman  relationship  demonstrates  that  as  the  mean  stress  increases  positively,  the 
stress  amplitude  that  is  permissible  for  a  given  fatigue  life  decreases.  [7]  It  is  important  to 
note  that  a  negative  mean  stress  would  actually  increase  the  allowed  stress  amplitude 
over  what  is  predicted  for  a  zero  mean  stress.  Residual  stresses  from  processes  such  as 
welding  or  shot-peening  directly  impact  the  mean  stress;  and  therefore,  the  fatigue  life  of 
the  ship  structure. 


1.  Causes  and  Control  of  Residual  Stresses 

Residual  stresses  can  cause  SCC  by  themselves  or  can  combine  with  applied 
stresses  to  cause  SCC.  In  addition,  residual  stresses  can  lower  the  fatigue  life  for  a  given 
stress  amplitude.  Residual  stresses  are,  as  the  name  implies,  stresses  that  are  left  over 
from  some  other  process  and  that  exist  without  any  applied  load  on  the  material. 
Common  sources  of  residual  stresses  on  ships  are  from  welding,  riveting,  and  from  the 
torqueing  of  bolts.  Fusion  welding,  in  particular,  can  generate  large,  tensile  residual 
stresses  in  aluminum  ship  structures.  Ganguly  et  al.  states  that  the  unequal  expansion  and 
contraction  of  the  weld  metal  in  conjunction  with  the  surrounding  heat  affected  zone 
(HAZ)  creates  both  tensile  and  compressive  residual  stresses  in  welded  plate. [8] 

According  to  Kou,  the  longitudinal  residual  stress,  Dx,  (stress  in  the  x-direction  long  the 
weld  line),  can  be  calculated  as  a  function  of  the  distance  from  the  weld  centerline,  y,  by 
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Equation  5  if  the  maximum  residual  stress,  Dm,  whieh  ean  be  as  high  as  the  yield 
strength,  and  the  width  of  the  tension  zone,  b,  are  known  (Figure  6).  [9] 

(e)  = 


1- 


ybj 


exp 


\bj 


(5) 


With  external 
constraint 


(b) 


Figure  6.  Typieal  distributions  of  (a)  longitudinal,  Dx,  and  (b)  transverse,  Dy,  residual 

stresses  in  butt  welds. (From  [9]) 


Figure  7  shows  a  eomparison  of  measured  residual  stresses,  Sy,  normalized  to  the  yield 
strength,  Sys  in  the  x-direetion,  as  seen  in  Figure  6,  to  a  finite  element  analysis  model  as  a 
funetion  of  moving  in  the  transverse  direetion  from  the  weld  eenterline  where  W  is  half 
of  the  width  of  the  welded  plate. [9]  In  this  case,  the  residual  stress  exceeded  the 
nominally  reported  yield  strength  by  about  10%  near  the  weld  nugget.  Stresses  of  this 
magnitude,  would  actually  result  in  the  plastic  deformation  of  the  material  in  the  weld 
nugget. 
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Figure  7.  Measured  and  ealeulated  residual  stresses  in  butt  weld  of  AA5083.(From  [9]) 

James  et  al.  reports  several  stress  profiles  of  gas  metal  are/metal-inert-gas  (MIG) 
welds  on  8mm  thiek  5083-H321  aluminum  plate  as  shown  in  Figure  8.  This  work  utilizes 
synchrotron  diffraction,  which  is  more  accurate  than  laboratory  x-ray  diffraction,  to 
measure  the  residual  stresses.  The  intense  high  energy  electromagnetic  radiation  can 
penetrate  deeper  into  the  test  material  and  can  measure  larger-scale  areas  very  rapidly  in 
one  scan.  Peak  stresses  of  +80  to  90MPa  parallel  to  the  weld  line  were  measured  through 
the  cross-section  of  the  plate.  These  stresses  were  located  at  22mm  from  the  weld 
centerline  and  15mm  from  the  weld  toe  placing  it  outside  the  heat  affected  zone  (HAZ) 
by  10mm.  The  microstructural  HAZ  boundary  was  measured  to  be  12mm  from  the 
centerline  of  the  weld.  Stresses  transverse  to  the  weld  center  line  were  nearly  all  tensile 
through  the  cross-section  of  the  plate.  [10]  Thus,  the  presence  of  large  tensile  stresses 
means  a  greater  probability  of  cracking  the  passive  oxide  layer  on  the  aluminum  surface 
leading  to  a  crack  initiation  site  and  a  higher  susceptibility  to  SCC. 
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The  fact  that  the  tensile  stresses  continue  into  the  material’s  depth  for  several  millimeters, 
points  to  the  role  of  tensile  stress  in  propagating  a  stress  corrosion  crack  into  the  interior 
of  the  material. 


0  10  20  30  40  50  60  70  BO 


Figure  8.  (a)  Comparison  between  longitudinal  stresses  in  AA5083-F1321  MIG  weld  at 

depths  of  1,  4,  and  7mm  (b)  Comparison  between  transverse  stresses  in 
AA5083-H321  MIG  weld  at  depths  of  1,  4,  and  7mm.(From  [10]) 


Residual  stresses  can  also  adversely  affect  the  fatigue  properties  of  welded 
material.  Figure  9  shows  the  importance  of  welding  in  the  fatigue  performance  of  marine 
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aluminum.  Here  AA5083  is  tested  in  four  different  eonditions:  1)  bulk  material  in  air;  2) 
bulk  material  in  seawater;  3)  welded  material  in  air;  and  4)  welded  material  in  seawater. 
These  results  illustrate  over  a  300%  drop  in  the  fatigue  limit  from  a  bulk  air  eondition  at 
192MPa  to  an  as-welded  eondition  in  air  at  64MPa.[l  1]  It  is  important  to  note  that  while 
residual  stresses  from  the  welding  ean  affeet  the  fatigue  performanee,  it  was  also  a 
ehange  in  mierostrueture  from  the  base  plate  that  drove  some  of  the  dramatie  ehanges  in 
fatigue  life  observed  by  Benedietus-deVries.[l  1] 


Stress 

[MPa] 


S-N-curves  AA  5083  (R«0.1) 


Figure  9.  SN-curve  and  fatigue  limits  for  AA5083  with  a  stress  ratio  of  0. 1  of  welded 
and  un-welded  samples  tested  in  air  and  in  seawater. (From  [11]) 

B,  INTRODUCTION 

1.  Reduction  of  Residual  Stresses  from  Peening  Processes 

One  of  the  most  effeetive  ways  to  mitigate  SCC  and  fatigue  eraek  growth  is  to 
reduee  the  tensile  stresses  of  the  material  by  imposing  a  eompressive  stress  on  the  surfaee 
of  the  effected  material.  Cracks  propagate  because  of  the  elastic  energy  release  provided 
by  tensile  stresses  applied  to  the  material;  therefore,  introducing  a  compressive  stress  into 
the  material  will  reduce  the  driving  force  for  crack  formation  and  crack  propagation. 
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Three  of  the  most  eornmon  ways  to  ereate  eompressive  stresses  on  surfaees  are  by  shot 
peening,  ultrasonie  impaet  treatment  (UIT),  and  laser  peening. 

Shot  peening  is  a  proeess  in  whieh  small,  hard  spherieal  partieles  with  diameters 
ranging  from  0.1  to  1.0mm  are  propelled  at  high  veloeities  and  impinge  on  the  surfaee 
being  treated.  The  depth  of  the  eompressive  layer  is  typieally  between  one-quarter  to 

one-half  the  ball  diameter  and  up  to  about  250 Dm,  whieh  is  rather  shallow  for  most 

struotures.[6,12]  Shot-peening  has  been  shown  to  inerease  the  fatigue  life  as  seen  in 
Figure  10.  Here  shot  peeing  inereases  the  fatigue  limit,  but  only  half  as  mueh  eompared 
to  that  of  laser  peening.  Another  limitation  of  shot  peening  is  the  non-uniformity  of  the 
imposed  eompressive  stresses  aeross  the  surfaee  as  there  is  no  eertainty  of  eomplete 
eoverage.  A  third  drawbaek  of  shot  peening  is  the  resulting  roughened  surfaee.  This 
layer  of  material  needs  to  be  removed  in  order  to  restore  the  initial  surfaee  qualities,  and 
in  doing  so  some  of  the  eompressive  layer  is  also  removed.  [12] 


Nurrber  of  Cycles 

Figure  10.  An  S-N  eurve  eomparing  the  fatigue  limit  inereases  of  7075-T7351  aluminum 

alloy  from  shot  peening  and  laser  peening. (From  [12]) 
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UIT  is  based  on  converting  ultrasonic  oscillations  into  controlled  impulses  of 
ultrasonic  impacts. [13, 14]  It  employs  continuous  ultrasonic  vibrations  from  a  hardened 
material  tip  in  continuous  contact  with  the  work  piece  to  impose  a  compressive  residual 
stress. [13]  Much  like  shot  peening,  UIT  provides  a  stable  and  controlled  compressive 
residual  stress  at  the  near  surface.  The  surface  also  experiences  a  high  rate  of  plastic 
straining  and  some  heating  during  impact.  [14]  X-ray  diffraction-based  residual  stress 
measurements  (Figure  1 1)  demonstrates  how  UIT  can  impose  larger  compressive  residual 
stresses  ranging  from  -150  to  -200MPa  at  the  surface  to  around  -VOMPa  one  millimeter 
into  the  7075-T651 1  (aluminum  alloy)  work  piece. [14] 


Figure  1 1 .  Residual  stress  distribution  prior  to  and  after  the  Esonix  UIT  on  lightly  (AFL- 
2),  moderately  (BFM-3),  and  severly  (AFS-6)  exfoliated  7075-T651 1 

specimens. (From  [14]) 

Laser  peening  is  a  relatively  new  surface  treatment  technology  that  greatly 
improves  the  material  performance  beyond  the  results  of  shot  peening  and  UIT. [15] 
Laser  peening  can  induce  compressive  residual  stresses  to  a  depth  typically  around  1  to  2 
mm,  which  is  a  full  order  of  magnitude  greater  than  shot  peening. [15]  The  peening 
process  starts  out  by  a  high  energy  laser  pulses,  often  a  neodymium  (Nd)  glass  laser, 
being  focused  on  the  surface  of  the  sample  (Figure  12).  The  ablative  surface  layer 
absorbs  the  laser  pulses  and  vaporizes,  forming  a  plasma.  The  thin  water-tamping  layer. 
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which  is  transparent  in  order  to  allow  the  laser  pluses  to  go  through,  eonfines  the  plasma 
in  the  horizontal  plane,  thus  re-direeting  a  shoek  wave  back  into  the  material.  This  shoek 
wave,  which  can  be  several  gigapaseals  of  pressure,  results  in  plastic  deformation  of  the 
material  at  the  surface,  thus  imposing  the  large  compressive  residual  stresses.  The 
thermal  loading  on  the  material  during  this  proeess  is  quite  limited. [1,1 2, 16, 17]  Even 
though  a  plasma  forms  at  the  surface  of  the  work  piece,  the  temperature  of  the  work  piece 
only  rises  to  around  149°C  for  a  short  period  of  time. [18]  Early  in  the  development  of 
laser  peening,  an  ablative  layer  was  neeessary  to  absorb  the  laser  and  ereate  the  plasma  to 
ereate  the  shoek  wave,  but  as  the  teehnology  has  progressed  the  ablative  layer,  which 
could  be  tape  or  paint,  has  beeome  optional.  Unlike  shot  peening,  laser  peening  leaves  a 
relatively  smooth  surfaee  finish.  If  tape  were  used  in  the  laser  peening  proeess,  a  quick 
brushing  of  the  surfaee  may  be  neeessary  to  remove  any  debris  that  is  leftover  after  it  is 
removed. 


High  Pressure  Plasma 


Ablative  Layer 


Pressure  Wave 


Workpieee 


Figure  12.  Illustration  of  the  laser  peening  proeess. (From  [17]) 


Parameters  sueh  as  power  of  the  laser,  target  spot  size,  duration  of  the  pulse,  type  of 
confining  medium,  and  number  of  passes  will  determine  the  amount  of  induced  stress  in 
the  material  of  the  work  pieee.  Laser  peening  can  impose  a  compressive  residual  stress 
up  to  ten  times  deeper  than  traditional  shot  peening  methods  and  enhance  the  fatigue 
strength  as  seen  in  Figure  13. [17, 18]  Here  the  fatigue  erack  growth  rates  on  friction  stir 
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welded  2195  aluminum  alloy  were  plotted  for  three  different  conditions:  1)  un-peened;  2) 
shot  peened;  and  3)  laser  peened  under  a  stress  ratio  of  0.1.  The  laser  peening  improved 
the  fatigue  crack  growth  rate,  but  the  shot  peening  did  not  when  compared  against  an  un- 
peened  specimen.  In  this  case  a  steeper  slope  means  a  shorter  fatigue  life. 


Figure  13.  Fatigue  crack  growth  rates  for  friction  stir  welded  AA2195  at  a  stress  ratio,  R, 

of  0.1  for  various  peening  conditions. (From  [17]) 
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These  examples  make  clear  the  importance  of  residual  stresses  to  fatigue  life  and  stress 
corrosion  cracking.  Because  mitigation  strategies  such  as  shot  peening,  UIT  and  laser 
peening  depend  upon  the  control  of  residual  stresses  in  the  surface  of  the  material, 
accurate  measurement  of  residual  stresses  is  key  to  the  application  of  these  mechanical 
property  enhancing  approaches. 

C.  METHODS  FOR  MEASURING  RESIDUAL  STRESS 

There  is  an  array  of  different  residual  stress  measurement  techniques.  Most 
notable  are  diffraction  (neutron,  synchrotron,  and  tube  based  laboratory  x-ray),  hole- 
drilling,  slitting  method,  and  contour  method. [8, 10, 15-1 7, 19-26]  In  the  contour  method, 
as  discussed  by  Hill  et  ah,  a  specimen  containing  residual  stresses  is  cut  in  half  along  a 
straight  line  and  will  deform  as  a  result  of  the  traction  free  boundary  condition  of  the  new 
free  surface. [15]  Measuring  the  deformed  free  surface  (i.e.  the  displacements  normal  to 
the  free  surface)  and  the  tractions  required  to  displace  these  points  back  to  their  pre-cut 
locations  are  equivalent  to  the  original  residual  stress  acting  normal  to  the  plane  of  free 
surface  of  the  cut.[15]  Hill  et  al.  goes  on  to  describe  the  slitting  method,  which  is  also 
known  as  the  crack  compliance  method.  The  strain  verses  depth  is  measured  by  metallic 
foil  strain  gauges  as  incremental  cuts  into  the  test  specimen,  which  will  be  used  to  solve 
for  the  residual  stresses  normal  to  the  plane  of  the  cut  assuming  elastic  deformation  and 
elastic  inverse  methods. [15]  Hole  drilling  is  another  method  for  determining  in-plane 
(i.e.  bi-axial)  residual  stresses.  A  strain  gage  rosette  records  the  strain  relaxations  as  a 
hole  is  drilled  through  it  into  the  test  material.  The  strains  are  then  converted  into  stress 
by  assuming  that  the  stresses  are  uniform  with  distance  as  per  ASTM  E837-08. [27,28] 

Neutron  diffraction  involves  the  use  of  pulses  of  high-energy  protons  which  strike 
a  heavy-nucleus  target.  The  target  then  produces  a  different  set  of  neutrons  at  the  same 
pulse  rate,  but  with  a  defined  energy  distributions. [8]  These  secondary  neutrons  travel  to 
a  test  specimen  where  diffraction  occurs  at  Bragg  angles  (Bragg  angles  are  discussed 
below).  Because  of  the  time  it  takes  for  the  neutrons  to  reach  the  test  specimen  (i.e.  time- 
of-flight)  and  depending  on  the  wavelength  of  the  neutrons  a  diffraction  spectrum 
containing  many  reflecting  planes  are  probed  on  one  measurement.  [8]  This  technique 


15 


allows  the  simultaneous  detection  of  all  diffraction  peaks  referring  to  different  lattice 
planes  at  different  orders  of  diffraction.  Strain  values  can  be  determined  and  eventually 
converted  into  stresses.  Synchrotron  x-ray  diffraction  uses  x-rays  instead  of  neutrons  as 
the  incident  energy  particle  striking  the  test  specimen  and  causing  diffraction. 
Synchrotron  x-ray  diffraction  use  higher  powered  x-rays  compared  to  laboratory  x-ray 
diffraction,  but  both  work  on  the  same  principles  as  described  below. 

1,  Laboratory  X-ray  Diffraction 

a.  General  Background 

X-ray  diffraction  has  become  the  one  of  the  standard  methods  for 
measuring  residual  stress  in  the  past  few  decades.  [16, 17, 19-26]  The  phrase  “measuring  a 
stress”  is  somewhat  misleading  because  stress  is  an  extrinsic  property  and  cannot  be 
measured  directly,  but  what  can  be  measured  is  strain.  [19]  X-ray  diffraction  measures 
the  strain  or  the  changes  in  strain,  from  an  unstressed  state,  by  measuring  the  shifts  in  the 
diffraction  peak  due  to  an  external  or  residual  stress.  The  measured  strains  are  then 
converted  into  a  stresses  through  Hooke’s  law. [16, 19]  These  calculations  assume  a  linear 
elastic  deformation  of  the  material. [16]  Prevey  states  that  residual  stresses  determined 
using  x-ray  diffraction  assume  an  arithmetic  average  of  the  stress  in  the  volume  of  the 
material  defined  by  the  irradiated  area.  This  volume  may  vary  from  square  millimeters  to 
square  centimeters  and  is  based  on  the  depth  of  penetration  of  the  x-ray  beam,  which  is 
governed  by  the  linear  absorption  coefficient  of  the  material  based  on  the  type  of 
radiation  used.[19]  In  aluminum  based  alloys,  more  than  70%  of  the  diffracted  radiation 
comes  from  the  top  100  microns  of  the  material  for  all  the  most  commonly  used 
laboratory  x-ray  sources. [19]  Because  of  this  shallow  depth  of  penetration,  the  spatial 
resolution  of  the  residual  stresses  will  be  approximately  10  to  100  times  more  than  other 
stress  determining  stress  measuring  techniques  such  as  dissection,  ultrasonic,  and 
magnetic. [19]  The  depth  of  penetration  is  dependent  on  the  type  of  radiation,  and  in 
practice  there  are  limited  types  of  useful  radiation.  For  example  Cu-Ka  radiation,  Co- 
Ka  radiation  and  Cr-Ka  radiation  are  some  of  the  common  types  of  radiation  used  in 
laboratory  settings.  The  limited  selection  of  laboratory  x-ray  tubes  leads  to  a  limited 
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choice  of  crystallographic  planes  that  can  be  used  for  the  residual  strain  measurement. 
For  instance,  Table  1  shows  the  possible  {hkl}  reflection  planes  available  for  aluminum 
using  these  different  types  of  radiation  where  (111),  {200},  etc.  are  the  Miller  indices  of 
the  refleetion  planes  for  the  material,  20  is  the  Bragg  angle,  and  Cu,  Co,  and  Cr  are  the 
types  of  K-a  radiation. 


d  (h  kl) 

20 

20 

20 

Cu 

Co 

Cr 

{111} 

38.50 

45.02 

58.67 

{200} 

44.76 

52.47 

68.90 

{220} 

65.15 

77.39 

106.27 

{311} 

78.30 

94.29 

139.48 

{222} 

82.51 

99.94 

156.96 

{400} 

99.19 

124.29 

n/a 

{331} 

112.15 

148.93 

n/a 

{420} 

116.71 

162.61 

n/a 

{422} 

137.68 

n/a 

n/a 

{333}d511} 

163.11 

n/a 

n/a 

Table  1 .  Relationship  between  20  angles  and  their  associated  refleetion  planes 

aluminum.  The  n/a  in  the  table  means  that  the  eorresponding  20  angle  for 
that  refleetion  for  that  radiation  wavelength  is  beyond  180  degrees. 

Measuring  the  strain  in  a  material  by  x-ray  diffraction  starts  by  utilizing 
Bragg’s  law.  Bragg’s  law  uses  the  geometry  from  Figure  14  and  relates  the  20  angle  to 
the  do  value.  This  relationship  eomes  from  the  physies  of  diffraction.  Cullity  describes 
diffraction  as  a  single  beam  of  energy  eomposed  of  mutually  reinforcing  rays  (i.e.  rays 
that  have  the  same  phase  and  wavelength)  resulting  from  the  scattering  effect  when  an 
atom  is  struck  by  x-rays. [20]  In  Figure  14,  an  incident  beam  with  a  given  wavelength,  X, 
enters  from  the  left  (1,  la,  2,  etc.)  and  strikes  the  atoms  of  the  lattice.  The  incident  beam 
is  scattered  in  all  direetions  by  all  the  atoms  in  every  plane  that  the  incident  beam 
reaches. 
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Both  constructive  and  destructive  interferenee  oeeurs  resulting  in  a 
diffraeted  beam,  whieh  exits  to  the  right  in  direetion  of  rays  1’,  la’,  2’,  ete.  Some 
diffraeted  rays  will  be  in  the  same  direetion  and  have  the  same  phase,  thus  resulting  in  a 
diffraeted  beam  with  a  strong  intensity. [20] 


Figure  14.  Prineiple  of  diffraetion  based  on  the  relationship  between  □,  the  diffraeted 
beam  angle,  20,  and  d’  gives  rise  to  Bragg’s  law,  nn=2d’sinn.(From  [20]) 

The  relationship  between  the  wavelength,  □,  the  diffraeted  beam  angle,  20,  and  the 

interplanar  distanee  of  the  lattiee,  d’,  gives  rise  to  Bragg’s  law  (Equation  6)  where  n  is  the 
order  of  the  diffraetion. 

nA  =  2d  smO  (6) 

Based  on  the  faet  that  sinO  eannot  be  greater  than  unity,  the  limitations  of 
X,  (eannot  be  too  large  or  too  small)  and  using  a  first-order  refleetion  (i.e.  n=l)  Equation 
6  beeomes  Equation  7. [20] 

A  -  2d  sin  0  (7) 
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Knowing  the  incident  radiation  wavelength,  □,  and  the  20  value  from  the  centroid  of 

the  diffraction  peak  profde,  the  interplanar  lattice  spacing  (i.e.  d  spacing),  d,  can  be 
calculated.  From  the  d  spacing  for  a  given  {hkl}  reflection,  the  unit  cell  parameter,  a,  for 
cubic  materials  can  be  calculated  using  Equation  8. 


The  choice  of  the  diffraction  peak,  20,  greatly  impacts  the  precision  of  the 
stress  measurement.  The  larger  the  Bragg  angle  (20  angle)  the  greater  the  sensitivity  of 
the  x-ray  residual  strain  measurement  and  the  greater  the  precision  of  the  stress 
calculation,  so  in  general,  one  should  use  the  largest  Bragg  angle  for  a  given  radiation  as 
possible.  In  practice,  20  should  be  greater  than  120  degrees. [19]  The  Bragg  angle  as 
described  in  Figure  15  comes  from  the  fact  that  the  incident  beam,  S,  the  normal  to  the 
reflecting  plane,  N,  and  the  diffracted  beam,  D,  are  always  coplanar,  and  the  angle 
between  the  diffracted  beam  and  the  transmitted  beam  is  always  20. [20]  Note  that  do  in 
Figure  15  is  the  interplanar  spacing  of  the  lattice,  also  known  as  the  d  spacing,  when  \j/=0 
degrees.  The  stress,  a,  is  the  applied  or  residual  stress  acting  on  the  lattice.  The  term  dv,, 
in  Figure  15  (b)  is  the  interplanar  spacing  of  the  lattice  when  the  sample  is  rotated  by 
some  \\f  angle  off  of  the  sample’s  normal.  If  there  is  a  change  in  the  d  spacing  of  the 
lattice,  then  there  will  be  a  change  in  the  20  value  as  the  sample  is  rotated  from  \|/=0  in 
Figure  15  (a)  to  in  Figure  15  (b).  Measuring  this  change  in  the  d  spacing  is  the 
basic  principle  by  which  strain  is  measured  using  x-ray  diffraction.  As  shown  in  Figure 
16,  the  shifts  in  the  20  values  result  in  a  change  of  the  measured  d  spacing,  which  is  used 
to  determine  the  strain  of  the  material. 
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Figure  15.  Description  of  the  Bragg  angle  in  regards  to  the  principles  behind  x-ray 

diffraction  stress  measurements,  (a)  0=0.  (b)  □=□  (sample  rotated  at  a 
known  □  angle). (From  [19]) 


Peak  Shift  Example 


psi=45  psi=l  psi=-45 


Figure  16.  Diffraction  peaks  from  5083  aluminum  alloy  showing  how  the  20  values 
shift  based  on  different  elastic  strains.  Flere  the  peak  centroid  of  □=!  degrees 
is  shifted  to  the  left  of  the  other  two  peaks  at  □=±45  degrees. 
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Once  the  d  spaeing  is  measured  from  the  centroid  of  the  20  angle,  the 
measured  strain  can  be  determined.  Using  a  known  do  value  (the  unstressed  lattice 
spacing)  and  a  measured  (d  spaeing  for  a  given  \j/  and  (j)  angle),  the  strain  in  the 
direction  of  the  incident  beam,  s’sb,  can  be  obtained  using  Equation  9.  [21] 


dr, 


(9) 


□  represents  the  angle  between  the  direetion  of  the  incident  beam  and  the  normal  of  the 


sample  (Figure  17).  Li,  L2,  and  L3  in  Figure  17  represent  the  laboratory  coordinate 
system  of  the  x-ray  diffraction  goniometer,  and  Si,  S2,  and  S3  represent  the  test  sample’s 

eoordinate  system.  □  is  the  angle  of  rotation  in  the  1-2  plane. 


Figure  17.  Relationship  of  the  laboratory  coordinate  system  Fi,  speeimen  eoordinate 

system  Si,  and  □  □  □  angles. (From  [21]) 
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The  full,  three-dimensional,  strain  tensor  ean  be  measured  by  repeating  the  measurement 
deseribed  in  Equation  9  for  a  series  of  □  and  □  angles.  At  a  minimum,  the  strain  tensor 
measurement  requires  six,  independent  measurements  to  aeeount  for  the  six  unknowns  in 
Equation  10,  where  Dy  are  the  eomponents  of  the  strain  tensor  for  a  given  □  and  □ 
angle.  [21] 

t  \  2/-2  ,  ,  •2/-2 

(^33)  - =  fjjeos  ^z)sm  ^  +  fj2  sm2^z)sm  ^  +  ^228111  ^3sm  y/ 

I 

+  ^33  cos^  y/  +  fj3  eos  (j)  sin  2y/  +  sin  (j)  sin  2y/ 


Onee  enough  angle-independent  strain  measurements  have  been  eolleeted, 
the  strain  tensor  ean  be  determined  through  the  elassie  linear  system  of  equations  as 
represented  by  Equation  1 1 . 

A-x  =  b  I 

In  Equation  1 1,  x  (the  strain  tensor)  ean  be  found  by  inverting  A  (the  eoeffieient  matrix) 
and  pre-multiplying  each  side  of  the  equation  as  long  as  A  is  invertible,  b  represents  the 
□  ’33  terms.  If  more  than  six  independent  sets  of  □  and  □  angles  are  used,  then  the 


accuracy  of  the  strain  calculation  using  linear  least  squares  regression  will  improve; 
however,  QR  factorization  will  be  required  instead  of  simply  inverting  the  A 
matrix.  [29,30]  Equation  12  is  a  deconstruction  of  Equation  10  in  the  form  of  Equation  1 1 
used  in  this  work  for  the  tensor  calculations.  Here  the  trigonometric  functions  are 
combined  into  the  A  matrix,  and  the  strain  tensor  is  solved  as  discussed  above. 


b, 
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where 

a.=cos  ^z^sin  =sm2^sm  ^,c,.  =sin  ^z^sin  i//,d.=cos  y/, 
e^=cos(l)sm2y/,f.=sm(/)sm2y/  and  /  =  1;6 


Once  the  strains  are  found,  the  stresses  can  be  caleulated  from  the  general 
form  of  Hooke’s  law,  Equation  13,  in  the  Si  eoordinate  system  as  represented  in  Figure 
17.  Qij  represents  the  stress  tensor,  Cijki  is  the  elastic  stiffness  tensor,  and  8ki  is  the  strain 
tensor.  [21] 

(j.  =  C:,,s,, 

ij  ijkl  kl 

For  an  isotopic  material  the  general  form  of  Hooke’s  law  beeomes  Equation  14  where  E 
is  the  elastic  modulus,  □  is  Poisson’s  ratio,  Dy  is  the  delta  function  (i.e.  i^y),  and  i,  j,  and 


(13) 


k  represent  the  different  direetion  planes.  [21] 

1  +  v  „  V 

^ij  ~  ^  ^ij  ^i]  ^  ^kk 


(14) 


Substituting  Equation  14  into  Equation  10  the  general  form  of  the  stress  tensor  for  an 
isotropie  material  becomes  Equation  15. [21] 


^0  1  + 


V 


dr, 


(Tj J  cos^  (j)  +  (Ti2  sin  2^  +  (T22  sin^  -  <^33 1  sin^  y/ 


1+ V  V /  s 

^  *^33  ~  V  *^22  *^33  ) 


(15) 


+  - 


1  +  v 


(713  cos  (j)  +  (723  sin  (f]  sin  2y/ 


The  stress  tensor  can  be  found  by  either  pre-multiplying  the  strain  tensor 
by  the  stiffness  matrix  as  in  Equation  16,  or  by  solving  Equation  15  through  the  classical 
linear  system  of  equations  as  deseribed  above.  The  elastic  stiffness  matrix  in  Equation  16 
is  for  an  isotropic  material.  Note  that  AA5083-H1 16  is  a  face  eentered  eubic  material.  G 
in  Equation  16b  is  the  shear  modulus,  and  A,  in  Equation  16a  is  just  a  re-arrangement  and 
collection  of  other  elastie  constants. [31] 
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(16a) 


G  = 


E 

2(1  +  '') 


(16b) 


It  should  be  of  note  that  the  terms  in  the  strain  tensor  from  Equation  12 
need  to  be  in  the  proper  order  before  using  them  in  Equation  16  to  find  the  stress  tensor  in 
order  to  eomply  with  proper  matrix  multiplication.  Given  Equations  10  and  15  the  strains 
and  stresses  can  be  calculated  by  using  any  of  the  previously  mentioned  techniques, 
respectively. 


b.  “d  vs.  smy/’  Technique 

Important  increases  in  measurement  speed  and  simplicity  can  be  gained  by 
making  a  few  key  assumptions  about  the  nature  of  the  stresses  in  the  surface  of 
crystalline  materials.  Assuming  a  plane  stress  distribution  with  zero  components  of  strain 
in  the  z-direction,  leads  to  the  simplification  of  Equation  17.  This  approach  is  known  as 
the  “d  vs.  sin  \|/  technique,”  and  it  has  been  instrumental  in  determining  bi-axial  stresses 
for  over  60  years.  [21]  It  can  be  seen  that  if  these  assumptions  are  true,  then  Equation  10 
predicts  a  linear  relationship  between  measured  d-spacing  and  sin  \|/.  Equation  17a  is 
used  when  there  is  zero  in-plane  shear  stress.  Equation  17b  accounts  for  any  in-plane 
shear  stress. 


dr. 


^  sin V- -(0-11-0-22) 


o-^  =  o-ji  cos^  (f)  -I-  0-22  sin^  (f) 


(17) 

(17a) 
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cr^  =  CTjj  cos^  (f)  +  CTjj  sin  sin^  (f)  (17b) 

□  □is  the  stress  in  a  given  Sg  direetion  ealculated  from  the  slope  of  a  least-squares  line 


fitted  to  experimental  data  measured  at  various  □  angles  when  the  elastie  eonstants  E, 

□  ,  and  the  unstressed  plane  spaeing,  do,  are  known. [21]  Du  and  \I\22  are  the  prineiple 
stresses  from  the  stress  tensor.  In  most  situations  do  is  not  known,  but  ean  be  replaeed  by 
the  lattice  spacing  (i.e.  d  spacing)  measured  at  0=0. 

The  total  error  introduced  by  this  substitution  is  less  than  0.1%  of  the  final  stress  value 
and  is  negligible  when  compared  to  other  sources  of  error.  [21] 

In  reality,  there  are  three  basic  types  of  d  vs.  sin  \|/  behavior  as  shown  in 
Figure  18.  Equation  10  predicts  “regular”  behavior  as  seen  in  curves  “a”  and  “b”  of 
Figure  18. [21]  Curve  “a”  occurs  when  there  is  no  out  of  plane  shear  strain,  i.e.  when  813 
and  823  are  both  zero,  while  the  branching  observed  in  curve  “b”  occurs  when  either  or 
both  of  these  terms  are  non-zero.  The  slope  of  the  linear  least  squares  fit  on  curves  “a” 
and  “b”  is  the  value  of  the  residual  stress  at  that  test  location.  Note  that  a  positive  slope  is 
produced  by  a  tensile  stress  and  a  negative  slope  is  produced  by  a  compressive  stress. 
The  “\i/-splitting”  in  curve  “b”  comes  about  because  of  the  sin(2\j/)  term  in  Equation  10, 
which  indicates  that  the  out-of-plane  shear  strains  are  non-zero.  The  greater  the  \\f- 
splitting  on  curve  “b”,  the  more  out  of  plane  shear.  Curve  “c”  exhibits  oscillatory 
behavior,  which  cannot  be  explained  by  Equation  10. 


a  b  c 


Figure  18.  Three  basic  types  of  d  vs.  sin^\|/  plots  commonly  encountered  in  residual  stress 
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analysis,  (a)  “regular,”  linear  behavior,  (b)  branehed  behavior,  and  (e) 
oseillatory  behavior.(From  [21]) 


D,  THESIS  OBJECTIVES 

The  work  in  this  thesis  seeks  to  understand  and  examine  the  influence  of  laser 
peening  on  IG-SCC  of  marine-grade,  welded  aluminum  alloys.  While  research  has  been 
performed  on  the  measuring  the  residual  stresses  in  MIG  welded  AA5083-H321 
aluminum  for  fatigue  analysis,  the  effects  of  different  peening  conditions  was  not 
considered.  [10]  The  effects  of  laser  peening  have  been  considered  on  Alloy  22  (a  nickel- 
based  alloy)  by  Hill  et  al.[15],  2xxx  series  aluminum  alloys  by  Hatamleh[17],  and  on  a 
series  of  different  materials  in  the  review  by  Montross  et  al.[12],  but  not  on  a  5xxx  series 
aluminum  alloy.  Therefore,  the  main  objectives  addressed  in  this  thesis  are: 

1 .  Use  XRD  techniques  to  evaluate  residual  stresses  in  MIG  welded  AA5083. 

The  objective  is  to  use  standard  XRD  techniques  to  measure  residual  stresses  in 
MIG  welded  samples  to  compare  against  data  in  literature  and  to  establish  a  stress 
baseline  prior  to  laser  peening. 

2.  Use  XRD  techniques  to  evaluate  residual  stresses  after  laser  peening. 

This  objective  is  to  use  standard  XRD  techniques  to  measure  the  extent  of 
intentionally  imposed  compressive  residual  stresses  from  laser  peening  on  MIG  welded 
AA5083.  Longer  and  more  intense  peening  conditions  should  impose  larger  compressive 
residual  stresses  deeper  into  the  material.  Test  points  in  the  HAZ  and  in  the  base  metal 
and  at  different  depths  will  be  measured  to  understand  how  the  stresses  develop  in  the 
material. 

3.  Develop  a  full  tensor  stress  measurement  approach  based  on  x-ray 
diffraction. 

Because  of  the  complexities  of  the  weld,  anisotropy  from  rolling,  and  laser 
peening  a  full  tensor  state  of  residual  stress  will  be  measured  for  a  better  understanding 
the  full  mechanical  state  at  any  given  location. 
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II.  EXPERIMENTAL  PROCEDURE 


A.  MATERIAL  PROCESSING 

1,  Plate  Fabrication 

This  work  dealt  solely  with  aluminum  alloy  5083  with  a  HI  16  heat  treatment 
(AA5083-H1 16).  The  AA5083-H116  material  was  in  the  form  of  a  36x24inoh  rolled 
plate  and  was  14inch  thick.  The  chemical  composition  of  this  plate  material  is: 
magnesium  4.7,  manganese  0.9,  iron  0.20,  silicon  0.10,  chromium  0.08,  zinc  0.03,  copper 
0.03,  titanium  0.01,  and  the  remainder  aluminum.  Note  that  all  the  individual 
compositions  are  of  weight  percent  (wt%).  The  American  Bureau  of  Shipping  certified 
the  composition  of  this  AA5083-H1 16  plate.  [1] 

2.  Welding 

Two  plates  of  AA5083-H116  were  cut  in  half  parallel  to  the  rolling  direction  of 
the  plate  material.  The  cut  was  made  by  a  band  saw  with  flowing  lubricant  to  minimize 
any  heat  generation.  The  half  sheets  for  each  plate  were  then  welded  back  together  using 
a  metal  inert  gas  (MIG)  weld  at  Carderock  Division,  Naval  Surface  Warfare  Center 
(NSWCCD),  see  Table  2  for  welding  parameters.  Each  welded  plate  consisted  of  four 
passes,  three  on  the  top  face  of  the  plate  and  one  along  the  root  of  the  plate,  see  Figure 
19.  The  plates  were  clamped  to  the  welding  table  using  L-shaped  clamps.  The  welded 
areas  were  surface  ground  to  remove  any  slag  and  debris. [1] 
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Figure  19.  Welded  Plate  (a)  side  view  (b)  top  faee  (e)  bottom  faee  (weld  root). (From  [1]) 
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Pass 

Volts 

Wire  Feed 

Amps 

Travel  Speed 

(ipm) 

Weld 

Time 

Inter-pass 

Temp  (F) 

Remarks 

1 

23.9 

273 

121 

17.4 

1:16 

69.6 

Plate  1 

2 

25.1 

336 

136 

17.4 

1:15 

118.3 

3 

25.5 

336 

134 

17.4 

1:15 

138 

4 

25.1 

336 

138 

17.4 

1:14 

72.9 

Pass  on  the  back 

of  plate 

1 

23.7 

273 

122 

17.4 

1:15 

69.8 

Plate  2 

2 

25.4 

336 

134 

17.4 

1:15 

120.8 

3 

25.5 

336 

133 

17.4 

1:14 

170.5 

4 

24.9 

336 

139 

17.4 

1:16 

72.3 

Pass  on  the  back 

of  the  plate 

Table  2.  Weld  proeedure  from  Carderock  Division,  Naval  Surfaee  Warfare  Center 

(CDNSWC).(From  [1]) 


B,  LASER  PEENING 
1.  Process 

All  laser  peening  (LP)  was  performed  by  the  Metal  Improvement  Company 
(MIC)  in  Livermore,  CA  using  a  high-energy  pulsed  neodymium  (Nd)  glass  laser.  A 
typical  laser  peened  specimen  is  shown  in  Figure  20.  The  welded  plates  were  cut  down 
into  2m  wide  strips,  bin  long,  centered  off  of  the  centerline  of  the  weld.  Two  LP 
conditions  were  chosen  for  residual  stress  analysis:  a  “light”  peening  at  condition  1-18-1, 
and  a  “heavy”  peening  at  condition  3-27-2,  as  described  in  Table  3.  The  peening 
conditions  were  chosen  to  reflect  different  magnitudes  of  applied  compressive  stress. 
The  layout  of  the  peening  process  is  shown  in  Figure  21.  The  laser  beam  that  impacts  the 
plate  surface  had  a  square  cross  section.  The  square  laser  footprint  was  translated  along 
the  plate  surface.  Percent  overlap  is  the  amount  that  one  square  overlaps  the  next  square. 
For  instance.  Square  1  overlapped  Square  2  by  10%  for  the  1-18-1  specimen  and  by  3% 
for  the  3-27-2  specimen.  LP  was  done  on  both  faces  of  each  specimen  to  keep  the  plate 

flat.  The  layout  grouping  shown  in  Figure  21  was  chosen  so  that  the  weld  nugget  had 
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adequate  coverage  (i.e.  the  edge  of  the  peening  square  lined  up  with  the  edge  of  the  weld 
nugget  so  that  there  was  not  half  a  square  on  the  weld  nugget  and  half  off  of  it)  and  was 
peened  first  before  peening  either  side  of  the  weld  nugget;  however,  it  is  perfectly 
acceptable  to  peen  continuously  from  one  side  of  the  specimen  across  the  weld  nugget 
and  on  to  the  other  side  (back-and-forth).  While  LP  can  be  performed  with  or  without 
tape,  no  tape  was  used  on  the  specimens  in  this  work.  Using  tape  results  in  only  a  slight 
improvement  in  the  surface  finish  for  the  laser  peened  material,  but  would  not  be 
practical  for  the  future  application  to  aluminum  ship  structures.  [1] 


Irradiance 

Pulse  Width 

Layers 

Percent  Overlap 

Specimen 

{GW/cm''2) 

(ns) 

(full  coverage) 

{%) 

1-18-1  (Light  Peening) 

1 

18 

1 

10 

3-27-2  (Heavy  Peening) 

3 

27 

2 

3 

Table  3.  Laser  peening  conditions  for  experimental  specimens.  Provided  by  MIC. 


Figure  20.  Typical  laser  peened  specimen.  Provided  by  MIC. 
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Figure  21 .  Laser  peeing  process  layout;  Group  1  in  the  middle  along  the  weld  nugget, 
Group  2  on  the  left  side  of  the  weld  starting  at  the  toe  of  the  weld,  and  Group  3 
on  the  right  side  of  the  weld  starting  at  the  toe  of  the  weld.  Provided  by  MIC. 


C.  ELECTRO-POLISHING 
1,  Process 

Electro-polishing  was  used  to  measure  residual  stresses  at  various  depths.  A 
Proto  Electrolytic  Polisher  Model  8818  (Eigure  22)  was  used  to  electrolytically  remove 

material  to  three  different  depths  below  the  surface;  25.4nm  (Imil),  254nm  (lOmil), 

and  508  Dm  (20mil).  This  electro-polisher  used  a  saltwater  solution  comprised  of 

81  grams  of  salt  (NaCl)  per  liter  of  distilled  water.  The  machine  was  set  to  use  85 volts 
and  had  a  flow  rate  of  7  (arbitrary  units).  The  depth  of  the  polish  depended  on  the 
amount  of  time  the  voltage  was  applied.  The  amount  of  time  to  depth  removed  had  a 
linear  relationship.  The  time  to  reach  a  particular  depth  is  listed  in  Table  4. 


Depth  (Dm) 

Time  (sec) 

25.4 

10 

254 

170 

508 

350 

Table  4.  Electro-polishing  times  to  achieve  a  certain  depth. 
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The  specimen’s  surface  was  cleaned  before  electro-polishing  because  surface  impurities 
can  affect  the  quality  of  the  electro-polished  surface.  Figure  23  shows  the  appearance  of 
the  plate  surface  after  electro-polishing.  The  depth  of  the  electro-polishing  was  found 
using  a  Mitutoyo  height  gauge  (Model  Cl  12TB)  holding  a  Mitutoyo  deflector  gauge 

(Figure  24).  The  gauge  can  measure  to  a  precision  of  2.54nm  (O.lmil). 


Figure  22.  Proto  Electrolytic  Polisher  Model  8818. 
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Figure  23.  This  picture  shows  the  location  and  the  size  of  electro-polishing  done  in  this 
work.  This  is  Specimen  3-27-2  after  electro-polishing  to  a  depth  of  508 Dm 
(20mil)  on  the  bottom  side  of  the  weld  line. 


33 


Figure  24.  Mitutoyo  height  gauge  measuring  the  depth  of  how  mueh  material  was 
removed  during  an  electro-polish  on  specimen  3-27-2. 

D,  X-RAY  DIFFRACTION 

1,  X-ray  Diffraction  Equipment  Overview 

Following  the  methods  discussed  in  the  introduction,  x-ray  diffraction  (XRD)  was 
used  in  this  thesis  to  measure  the  elastic,  residual  strains  and  stresses  as  a  function  of 
welding  and  laser  peening.  The  XRD  equipment  used  in  this  work  is  a  Proto 
Manufacturing  Laboratory  Non-Destructive  Residual  Stress  Measurement  System, 
LXRD  model  (Figure  25).  It  has  a  MG2000L  goniometer  that  rotates  the  XRD 

goniometer  in  the  □-direction.  A  separate  mounting  table  rotates  the  specimen  in  the  □- 

direction  and  can  automatically  move  the  specimen  in  the  x  and  y  directions  through  a 
mapping  feature.  The  analysis  software,  XRDWin  2.0,  is  a  windows  based  package  that 

has  the  capability  to  analysis  and  display  d  vs.  sin^D  using  a  wide  variety  of  curve  fitting 

models  for  the  peak  profile  analysis.  An  explanation  for  the  experimental  parameters 
used  in  this  work  will  be  covered  in  the  following  sections. 
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Figure  25.  LXRD  model  used  in  this  work  with  Speeimen  3-27-2  being  measured. 


2,  Specimen  Set-up  and  Orientation 

Each  specimen  was  mounted  on  a  metal  block  using  a  2-part  epoxy.  This 
mounting  arrangement  was  used  to  achieve  a  stable  base  for  electro-polishing,  to  provide 
a  stable  reference  height  when  measuring  the  depth  of  the  electro-polish,  and  for 
placement  in  the  XRD.  The  orientation  of  the  mounted  specimen  was  as  follows:  the  x- 
axis  was  along  (parallel  to)  the  centerline  of  the  weld,  the  y-axis  was  transverse 

(perpendicular  to)  the  centerline  of  the  weld,  and  □  rotated  about  the  z-axis.  A  zero 
degree  □  angle  was  specified  when  the  goniometer  axis  of  the  XRD  goniometer  ran 
parallel  to  the  x-axis  of  the  specimen,  see  Figure  26.  Positive  □  and  □  angels  were  in 
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the  counterclockwise  direction  about  the  z-axis  and  about  the  goniometer  axis  (i.e.  x- 
axis),  respectively. 


Figure  26.  Specimen  orientation  with  respect  to  the  XRD  goniometer.  0=0  degrees  is 
when  the  goniometer  axis  of  the  XRD  goniometer  is  parallel  to  the  x-axis  of 
the  specimen.  Positive  □  and  □  rotations  are  in  the  counterclockwise 
direction  about  the  z-axis  and  goniometer  axis,  respectively. 


3,  X-ray  Tube  Selection 

The  choice  of  the  type  of  x-ray  radiation  to  use  is  a  balance  between  depth  of 
penetration  and  availability  of  a  sufficiently  strong  diffraction  peak  within  the  appropriate 

angular  range  for  the  x-ray  diffractometer  (Figure  27).  The  cobalt  tube  with  Co-KD 
radiation  was  the  best  compromise  between  depth  of  penetration  and  Bragg  angle  (20 
angle).  This  Co-KD  radiation  has  a  higher  photon  energy  than  Cr-KD  radiation,  thus 
achieving  a  deeper  penetration.  While  Cu-KD  radiation  has  an  even  greater  depth  of 


penetration,  it  does  not  have  any  Bragg  angle  reflections  at  appropriate  angles  for  use 

36 


with  the  LXRD  system.  This  work  exclusively  used  the  cobalt  tube  with  Co-KD 
radiation  for  all  measurements. 


X-ray  Penetration  as  a  Function  of  Depth 


— CuKa  -B-CoKa  -•-CrKa 


Depth  (cm) 

Figure  27.  Absorption  of  x-rays  as  a  function  of  depth  for  common  x-ray  tube  types. 

4,  Reflection  Selection 

Based  on  the  tube  selection  the  diffraction  plane  can  then  be  determined.  Since 
the  cobalt  tube  was  used  the  {400}  to  {420}  reflections  would  be  acceptable  for  the 

diffraction  measurement  (see  Table  1).  It  is  of  note  that  the  higher  the  Bragg  angle  (20 

angle)  means  more  accurate  strain  measurements.  The  {420}  reflection  would  be  the 

prime  candidate  to  use  for  these  measurements.  The  first  data  set  utilized  the  {420} 

reflection  to  measure  the  as-peened  surface  of  the  specimens,  but  was  not  further  pursued 

because  it  would  not  have  a  direct  comparison  to  previous  {331}  reflection  results.  The 

{400}  reflection  was  not  supported  by  the  XRDWin  2.0  software  and  could  not  be 
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measured  beeause  it  had  too  low  of  a  Bragg  angle.  The  {331}  refleetion  was  ultimately 
ehosen  beeause  it  was  one  of  two  refleetions  that  the  software  had  available  for  analysis 
and  eorresponded  to  previous  reported  results. 

5,  \\f  Angle  Selection 

Angles  of  □  were  ehosen  to  give  a  symmetrie  and  wide  range  of  sin^D  values 
when  viewed  on  a  d  vs.  sin^D  plot.  The  x-ray  diffraetometer  used  single-exposure 

teehnique  at  multiple  □-tilts  with  two  position  sensitive  deteetors.  Figure  28  shows  how 
the  position  sensitive  deteetors  eapture  the  diffraeted  radiation  per  this  experimental  set 
up.  This  work  seleeted  values  of  sin^D  ranging  from  about  0.0  to  0.5.  Angles  of  □ 

were  ealeulated  from  Equations  18;  however,  the  XRDWin  2.0  software  only  uses  □ 
angles  to  position  the  XRD  goniometer.  The  angle  between  the  x-ray  souree  and  the 
normal  to  the  speeimen  surfaee  is  theDD  angle,  see  Figure  28.  Knowing  the  ehosen  □ 

values  and  the  Bragg  angle  for  the  {331}  refleetion,  □  angles  were  ealeulated  by 

rearranging  Equation  18.  Note  that  Co-KD  radiation  has  a  wavelength  of  0.179026nm 
and  using  the  {331}  refleetion  of  aluminum,  whieh  is  faeed-eentered  eubie,  the  lattiee 
parameter,  a,  is  0.40497nm  and  the  Miller  indiees  of  h=3,  k=3,  and  1=1  resulting  in  a  2D 
of  148.93  degrees. [20] 

\  ^  J 

The  2D  value  used  for  all  speeimen  measurements  was  rounded  up  to  149  degrees.  □ 

angles  were  ealeulated  for  eaeh  experiment  based  upon  the  desired  □  range.  The 

XRDWin  2.0  software  needed  a  minimum  of  eleven  □  angles  per  eaeh  position  deteetor 

in  order  to  ealeulate  the  stresses  at  a  given  loeation.  □  angles  eannot  exeeed  +/-35 
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degrees.  The  effeets  from  texturing  can  be  reduced  by  oscillating  in  the  □  dbection,  so 
proper  caution  needs  to  be  taken  in  calculating  □  and  □  angles.  An  example  of  the  □ 

and  □  angles  used  in  the  d  vs.  sin^D  stress  analysis  are  listed  in  Table  5  for  detector  1 
and  detector  2  of  the  {331}  reflection.  Note  that  the  bottom  seven  rows  of  detector  1  and 
the  top  seven  rows  of  detector  2  were  combined  to  form  a  single  d  vs.  sin^D  plot  as 

shown  in  Figure  29.  Additional  calculations  of  converting  □  to  □  and  □  to  □  angles 
are  listed  in  the  Appendix. 


Figure  28.  Specimen  and  detector  layout  used  for  determining  □  i,  and  ^2  angles, 
and  for  visualizing  how  the  different  lattice  planes  of  the  specimen  are  being 

measured. 
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Detector  1 

□ 

□ 

29.5 

14 

24.5 

9 

22 

6.5 

19.5 

4 

14.5 

-1 

9.5 

-6 

-14.5 

-30 

-19.5 

-35 

-22 

-37.5 

-24.5 

-40 

-29.5 

-45 

Detector  2 

□ 

□ 

29.5 

45 

24.5 

40 

22 

37.5 

19.5 

35 

14.5 

30 

9.5 

25 

-14.5 

1 

-19.5 

-4 

-22 

-6.5 

-24.5 

-9 

-29.5 

-14 

Table  5.  Typical  experimental  □  and  □  angles  for  detector  1  and  detector  2  for  the 
{331}  reflection  used  for  the  collection  of  residual  strain  data.  The 
highlighted  rows  from  each  detector  were  combined  together  to  form  the 

data  point  along  the  x-axis  on  a  single  d  vs.  sin^D  plot,  see  Figure  29. 
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3-27-2:  25mm,  (t)=0 

♦  Detector  1  M  Detector  2 

0.92910 
0.92900 
0.92890 

•|  0.92880 

ra 

Sr  0.92870 
0.92860 
0.92850 
0.92840 

0.00  0.10  0.20  0.30  0.40  0.50 

sin^xj/ 


Figure  29.  d  vs.  sin^D  plot  of  specimen  3-27-2  at  25mm  distance  from  the  weld  toe  at 

□  =0  degrees  for  the  {331}  reflection  highlighting  how  the  combination  of 

detector  values  are  plotted. 

6,  Additional  XRD  Set-up  Parameters 

The  following  set-up  parameters  were  used  in  all  measurements  except  where 
noted.  All  experimental  and  calibration  measurements  used  a  2mm  aperture,  no  K-P 
filters,  an  80%  Gaussian  fit  for  peak  location,  power  of  25KV,  and  current  of  20mA.  An 
80%  Gaussian  fit  was  chosen  in  order  to  coincide  with  the  same  parameters  used  in 
previously  reported  results.  A  Gaussian  fit  is  a  mathematical  procedure  to  approximate 
the  peak  shape  in  order  to  find  the  centroid  of  the  profile  peak.  It  used  the  top  80%  of  the 
profile  peak  for  its  calculations.  Note  that  the  higher  the  voltage  and  current,  the  more  x- 
rays  are  produced  resulting  in  higher  diffracted  intensity  and  better  signal  to  noise  ratio. 
There  were  no  oscillations  in  the  x,  y,  and  (j)  direction.  In  the  “Peak  Shift  Methods” 
settings  were  set  to  an  “Absolute  Peak”  with  a  “P/G  Profile”  and  “LPA  Corrections”. 
The  “Absolute  Peak”  measured  the  tallest  peak  profile  while  the  “P/G  Profile”  setting 
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divided  the  raw  data  profde,  P,  by  the  baekground  gain  profde,  G.  The  “LPA  (Lorentz- 
Polarization-Absorption)  Correetion”  adjusts  the  profile  shape  and  intensity  to  eorreet  for 
the  Lorentz-polarization  factor  and  absorption  factor.  The  calibration  process  for  both 
the  high  stress  and  low  stress  standards  used  five  degrees  of  \|/  oscillation,  ten  exposures 
per  the  eleven  \j/  angles,  two  seconds  per  exposure,  and  a  20=148.94  degrees.  On  the 
other  hand,  experimental  measurements  used  three  degrees  of  \|/  oscillation,  20  exposures 
per  the  eleven  \\f  angles,  two  seconds  per  exposure,  and  a  20=149  degrees.  Note  that  this 
work  used  a  larger  exposure  number  to  increase  accuracy  of  the  measurements.  All  other 
set-up  parameters  were  set  to  default  values.  The  lab  technician  manually  set  the  focusing 
length  of  the  goniometer  for  each  measurement,  and  adjusted  the  gain  voltage  as 
necessary  to  properly  identify  the  background  and  divide  it  from  the  profile  for  each 
calculation  of  the  measurement’s  profile  peak. 

E,  EXPERIMENTAL  MEASUREMENTS 

1.  “d  vs.  sin^\|/”  Stress  Measurement  Process 

Four  data  sets  were  taken  using  the  d  vs.  sin^D  technique  where  each  data  set  had 

slightly  different  experimental  and  set-up  parameters.  Before  each  data  set  was  taken  a 
machine  calibration  was  conducted  to  ensure  that  any  measurement  errors  generated  were 
within  specified  tolerances.  Two  aluminum  based  standards  were  used  to  validate  the 
precision  and  accuracy  of  the  XRD.  One  was  a  low  stress  standard  having  zero  stress 
(0.00  +/-13.8MPa),  and  the  other  was  a  high  stress  standard  having  a  compressive  stress 

of  -232  +/-35MPa.  The  calibration  process  uses  the  default  □  and  □  angles  as  listed  in 
Table  6.  The  residual  stresses  for  each  specimen  (l”-wide  control,  1-18-1  and  3-27-2) 
were  measured  using  the  following  criteria:  1)  at  0=0  degrees  stresses  were  measured 

perpendicular  to  the  weld  centerline;  and  2)  at  0=90  degrees  stresses  were  measured 

parallel  to  the  weld  centerline  for  all  four  data  sets.  Data  set  one  measured  the  bi-axial 
residual  stresses  of  the  as-peened  surface  at  locations  at  2,  4,  6,  and  8mm  from  the  weld 
toe,  see  Figure  30.  These  data  points  were  selected  to  measures  the  residual  stresses  of 
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the  HAZ  of  specimens  1-18-1  and  3-27-2.  The  1”  control  sample  had  an  additional  test 
location  at  10mm  from  the  weld  toe  to  define  the  value  of  the  residual  stress  in  the  base 
metal;  however,  this  test  point  was  moved  to  25mm  from  the  weld  toe  in  future  data  sets 
because  it  could  not  be  asserted  that  the  material’s  structure  at  10  mm  was  the  base  metal. 
This  first  data  set  utilized  the  {420}  reflection.  The  second  data  set  measured  the  bi-axial 
residual  stresses  at  2,  4,  6,  8,  and  25mm  distances  from  the  weld  toe  at  a  depth  of 

25.4nm  (Imil)  on  all  specimens  (1”  control,  1-18-1  and  3-27-2).  During  this 

experimental  run  it  was  determined  that  there  was  too  much  over-lap  of  the  test  locations 
in  the  HAZ.  Having  a  2mm  interval  between  test  points  and  a  2mm  aperture  with  three 
degrees  of  oscillation,  there  was  extra  coverage  from  one  data  point  to  the  next,  which 
resulted  in  too  much  redundancy;  therefore,  one  data  point  (6mm)  was  selected  to 
represent  the  HAZ  in  future  measurements.  The  third  and  fourth  data  sets  consisted  of 
measuring  the  bi-axial  residual  stresses  at  6  and  25mm  distances  from  the  weld  toe  at 

depths  of  254nm  (lOmil)  and  508nm  (20mil),  respectively,  for  all  specimens  (1” 
control,  1-18-1  and  3-27-2).  The  second,  third,  and  fourth  data  sets  utilized  the  {331} 
reflection,  and  the  all  the  associated  □  angles  for  each  experimental  run  are  listed  in  the 
Appendix. 
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Detector  1 

Detector  2 

□ 

□ 

□ 

30.00 

14.47 

45.53 

23.46 

7.93 

38.99 

19.00 

3.47 

34.53 

9.51 

-6.02 

25.04 

0.73 

-14.80 

16.26 

0.00 

-15.53 

15.53 

-0.73 

-16.26 

14.80 

-9.51 

-25.04 

6.02 

-19.00 

-34.53 

-3.47 

-23.46 

-38.99 

-7.93 

-30.00 

-45.53 

-14.47 

Table  6.  □  and  □  angles  of  detector  1  and  detector  2  used  for  calibrating  the  XRD 

with  the  high  and  low  stress  standards. 

A  way  of  determining  the  amount  of  residual  plastic  strain  in  a  material  is  by 
analyzing  the  full  width  at  half  maximum  (FWHM)  of  the  diffraction  peak.  The 
diffraction  peak  shape  for  a  single  crystal  would  look  like  a  sharp  line,  having  only  the 
width  of  the  resolution  capability  of  the  diffractometer.  A  polycrystalline  structure  that 
has  been  cold-worked  displays  a  broader  diffraction  peak.  Peak  broadening  analysis  of 
several  Bragg  peaks  can  be  used  to  calculate  the  crystallite  size  and  strain.  [20]  Laser 
peening  deforms  the  work  piece  much  in  the  same  manner  as  cold-working;  therefore,  the 
heavier  the  laser  peening,  the  more  plastic  deformation,  the  more  non-uniform  strain  that 
is  introduced  in  the  crystal  lattice,  and  the  broader  the  diffraction  peak. 
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X 


Figure  30.  Locations  of  experimental  test  points  on  the  one  inch  control,  1-18-1,  and  3- 

27-2  specimens. 


2,  Tensor  Measurement  Process 

Two  different  sets  of  tensor  measurements  were  performed  at  6mm  and  25mm 
distances  from  the  weld  toe  at  three  different  depths,  25.4,  254,  and  508|um  (1,  10,  and 
20mil),  respectively.  The  first  tensor  measurement  set  was  conducted  at  depths  of  25.4 
and  254|um,  and  the  second  tensor  measurement  set  occurred  at  depths  of  254  and 
508|um.  Both  tensor  measurements  sets  used  all  the  same  set-up  parameters  as  the  second 
d  vs.  sin  \|/  method  data  set,  only  the  \|/  and  (j)  angles  were  changed,  see  Table  7.  Six 
independent  sets  of  \|/  and  (j)  angles  were  taken  at  each  test  point  at  each  depth,  except  for 
the  6mm  test  point  at  508|um  depth  on  specimens  1-18-1  and  3-27-2  where  no  data  was 
collected.  Additionally,  the  number  of  exposures  was  cut  in  half  to  ten  on  specimens  1- 
18-1  and  3-27-2  at  the  25mm  test  point  at  a  depth  of  508|um.  The  following  material 
constants,  as  quoted  from  the  high  stress  standard,  were  used  to  solve  for  the  stiffness 
matrix;  1)  high  stress  standard;  E=71.102GPa  and  v=0.33;  and  2)  specimens  (one  inch 
control,  1-18-1,  and  3-27-2);  E=70.3GPa  and  v=0.33.[6,21]  The  do  values  were 
determined  from  the  d  spacing  measurement  at  \|/=0  and  (t)=0  degrees,  and  resulted  in  the 
following;  1)  0.09289142nm  for  the  AA5083  specimens;  and  2)  0.09290492nm  for  the 
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aluminum  high  stress  standard.  Note  that  one  tensor  measurement  was  taken  on  the  1-18 
1  speeimen  at  6mm  from  the  weld  toe  at  a  depth  of  25.4|um  using  \)/  and  (j)  angles  of  +/ 
45.00,  +/-37.50,  and  +/-30.00  degrees. 


First  Tensor  Data  Set  Angles 

□ 

□ 

-45 

-15 

-37.5 

-10 

-30 

-5 

30 

9 

37.5 

13 

45 

17 

Seeond  Tensor  Data  Set  Angles 

□ 

□ 

-45 

-65 

-40 

-35 

-30 

-15 

25 

5 

30 

45 

45 

55 

Table  7.  □  and  □  angles  used  for  tensor  data  sets  one  and  two. 
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III.  RESULTS  AND  DISCUSSION 


A.  CALIBRATION  RESULTS  FOR  “d  vs.  sinV” ANALYSIS 

Calibration  of  the  XRD  prior  to  each  set  of  measurements  demonstrated  the 
accuracy  and  precision  of  the  system.  Following  the  d  vs.  sin^xj/  analysis  approach,  the 
stress  determined  by  the  system  was  found  to  be  -245.35±4.30MPa  compared  with  the 
known  bi-axial  stress  of  -232±35MPa  for  the  high  stress  standard  (Figure  31).  The  low 
stress  value  measured  by  the  system  was  -2.58±3.89MPa  compared  with  the  low  stress 
standard  value  0.00±13.79MPa.  The  values  for  each  calibration  for  the  {331}  reflection 
can  be  found  in  Table  8.  Referring  back  to  Equation  17,  the  stress  in  the  (j)-direction 
using  the  slope,  m,  from  the  d  vs.  sin  \\>  plot  becomes  Equation  19,  which  is  used  for 
isotropic  materials.  [20,21] 


mE 

{\  +  v)d. 


(19) 


The  stress  of  the  high  stress  standard  calculated  in  this  manner  is  -247.42MPa, 
which  is  in  good  agreement  with  the  known  value  and  verifies  the  d  vs.  sin^\|/  technique. 
As  discussed  in  the  introduction,  do  can  be  replaced  by  the  lattice  spacing  measured  at 
\|/=0  resulting  in  less  than  0.1%  of  the  final  stress  value.  [20,21]. 
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Figure  3 1 .  Average  of  five  measurements  on  the  high  stress  standard  results  for  data  set 

#2.  Error  bars  represent  ±  one  standard  deviation. 
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(a) 


Data  Set  #2 


Low  Stress  Stress 


Calibration 

(MPa) 

(+/-) 

1 

-4.14 

3.79 

2 

-4.34 

3.79 

3 

-3.86 

4.34 

4 

1.17 

3.31 

5 

-1.72 

4.21 

average 

-2.58 

3.89 

(b) 

Data  Set  #3 

Low  Stress 

Calibration 

Stress 

(MPa) 

(+/-) 

1 

-6.14 

4.34 

2 

-7.52 

4.90 

3 

-5.17 

4.41 

4 

-4.69 

4.48 

5 

-5.10 

4.41 

average 

-5.72 

4.51 

(c)  Data  Set  #4 


Low  Stress  Stress 


Calibration 

(MPa) 

(+/-) 

1 

2.34 

4.34 

2 

-1.52 

4.27 

3 

-2.21 

3.93 

4 

-4.34 

3.24 

5 

-0.55 

3.79 

average 

-1.25 

3.92 

High  Stress 
Calibration 

Stress 

(MPa) 

(+/-) 

1 

-244.30 

3.76 

2 

-244.29 

4.19 

3 

-245.46 

5.28 

4 

-246.50 

4.30 

5 

-246.21 

3.95 

average 

-245.35 

4.30 

High  Stress 
Calibration 

Stress 

(MPa) 

(+/-) 

1 

-260.57 

4.17 

2 

-259.16 

3.97 

3 

-257.88 

3.96 

4 

-260.63 

5.60 

5 

-258.06 

4.12 

6 

-255.14 

4.60 

average 

-258.57 

4.40 

High  Stress 
Calibration 

Stress 

(MPa) 

(+/-) 

1 

-249.88 

3.12 

2 

-240.83 

3.36 

3 

-252.17 

5.32 

4 

-250.95 

3.01 

5 

-245.22 

2.89 

6 

-244.17 

4.25 

average 

-247.20 

3.69 

Table  8.  Calibration  data  for  the  low  and  high  stress  standards  for  data  sets  #2,  #3, 

and  #4. 
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B,  RESIDUAL  STRESSES  USING  “d  vs.  sinV” ANALYSIS 

1.  Control  Weld  Results 

The  residual  stresses  at  the  surface  of  the  control  specimen  showed  an  increase  in 
tensile  stress  up  to  10mm  away  from  the  weld  toe  (Figure  32  and  Figure  33).  The  error 
bars  in  the  plots  of  this  section  and  from  here  on  out  were  determined  by  the  error 
analysis  embedded  in  the  XRDWin  2.0  software.  The  residual  stresses  transverse  to  the 
weld  line  started  out  compressive  and  finished  at  approximately  a  zero  stress  state  25  mm 
from  the  weld  toe.  The  residual  stresses  longitudinal  to  the  weld  line  started  out  slightly 
tensile,  between  0  to  5MPa,  and  became  more  tensile  at  a  value  around  15MPa  at  8mm 
from  the  weld  toe  before  decreasing  slightly  at  10mm  distance. 

These  stress  profiles  are  consistent  with  what  should  be  expected  for  this  welding 
geometry.  As  was  observed  in  the  work  of  James  et  al.[10],  the  maximum  in  tensile 
stresses  parallel  to  the  weld  line  occurs  several  millimeters  away  from  the  weld  toe.  The 
stress  maximum  in  the  work  by  James  et  al.  occurred  between  10-12mm  away  from  the 
weld  toe  (Figure  8).  The  magnitude  of  the  stress  in  their  work  was  about  4-5  times  larger 
than  the  current  results;  however,  they  did  not  surface  grind  after  welding.  The  welds  in 
this  thesis  were  surface  ground  before  laser  peening  as  can  be  seen  in  Figure  19.  The 
surface  grinding  will  impart  a  compressive  stress  into  the  surface.  As  stresses  are 
additive,  the  compressive  stress  from  the  surface  grinding  will  reduce  the  tensile  stresses 
from  the  thermal  contractions  during  welding,  resulting  in  a  smaller  tensile  stress  along 
the  weld  line  as  observed  in  Figure  33. 

The  transverse  stress  profiles  in  the  work  of  James  et  al.  also  agreed  with  the 
current  results  at  the  surface,  but  differed  as  a  function  of  depth.  [10]  Their  results  for  a 
depth  of  1mm  from  the  surface  showed  a  profile  which  began  at  near  zero  stress  at  the 
weld  toe  and  the  increased  to  around  25MPa  at  10mm  from  the  weld  toe.  The  transverse 
stresses  at  4  and  7mm  depth,  started  at  around  +40MPa  and  decreased  to  around  +25MPa 
at  10mm  from  the  weld  toe.  The  trend  in  the  current  results  shows  a  compressive  stress 
of  approximately  -20MPa  at  the  weld  toe,  rising  to  near  zero  stress  10mm  away  from  the 
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weld  toe.  The  differenee  between  this  result  and  that  of  James  et  al.  (1mm  depth)  is 
likely  due  to  the  surface  grinding  use  on  the  welds  in  this  thesis. 


Transverse  Stress  per  Distance:  (|)=0  -  at 
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Figure  32.  Transverse  residual  stresses  as  a  function  of  distance  from  the  weld  toe  in  the 

control  specimen  at  the  surface. 
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Longitudinal  Stress  per  Distance:  (|)=90  -  at 

surface 
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Figure  33.  Longitudinal  residual  stresses  as  a  funetion  of  distanee  from  the  weld  toe  in 

the  control  specimen  at  the  surface. 

The  residual  stresses  on  the  control  weld  specimen  showed  little  variation  in  stress 
value  as  a  function  of  depth  for  either  the  transverse  and  longitudinal  orientations 
(Figures  34  through  Figure  37).  In  the  work  of  James  et  ah,  the  longitudinal  stresses 
showed  no  measurable  variation  with  depth,  while  the  transverse  stresses  were 
measurably  more  tensile  as  depth  increased. 

Interestingly,  the  variation  of  residual  stress  with  depth  was  notably  different  in 

the  base-plate  material  (25mm  away  from  the  weld  toe).  The  longitudinal  stresses  again 

did  not  meaningfully  vary  with  depth  (Figure  37),  but  the  transverse  stresses  varied 

systematically  with  depth  (Figure  36).  The  transverse  stresses  near  the  surface  were 

much  more  compressive  (-35MPa)  than  0.5mm  below  the  surface  (nearly  zero).  Note 

that  there  were  no  actual  surface  measurements  at  the  25mm  test  point,  but  measurements 
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were  taken  at  0.0254mm  (Imil)  below  the  surface.  This  result  compares  with  the  work  of 
Nakayama  et  ah,  which  used  x-ray  diffraction  to  study  the  residual  stress  distributions 
present  after  cold-rolling  of  AA5083.  In  this  work  there  was  a  definite  difference 
between  the  longitudinal  and  transverse  residual  stresses.  The  comparison  between  this 
work  and  Nakayama  et  al.  was  that  the  longitudinal  stresses  were  always  larger  than  the 
transverse  stresses,  and  that  there  was  a  stress  gradient  in  the  out-of-plane  direction.  Both 
studies  demonstrate  that  the  rolling  direction  does  matter  in  evaluating  residual 
stresses.  [26] 

Transverse  Stress  per  Depth:  6mm,  (|)=0 
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Figure  34.  Transverse  residual  stresses  as  a  function  of  depth  in  the  control  specimen  at 

the  6mm  test  point. 
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Longitudinal  Stress  per  Depth:  6mm,  (|)=90 
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Figure  35.  Longitudinal  residual  stresses  as  a  function  of  depth  in  the  control  specimen  at 

the  6mm  test  point. 


Transverse  Stress  per  Depth:  25mm,  (t)=0 
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Figure  36.  Transverse  residual  stresses  as  a  function  of  depth  in  the  control  specimen  at 

the  25mm  test  point. 
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Longitudinal  Stress  per  Depth:  25mm,  (|)=90 
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Figure  37.  Longitudinal  residual  stresses  as  a  funetion  of  depth  in  the  eontrol  speeimen  at 

the  25mm  test  point. 
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2,  Residual  Stress  Distribution  after  Laser  Peening 

The  surfaee  residual  stresses  as  a  funetion  of  distanee  from  the  weld  toe  after  laser 
peening  at  the  surfaee  showed  a  notieeable  eompressive  residual  stress  after  4mm  from 
the  weld  toe  in  both  the  transverse  and  longitudinal  direetions  for  both  the  1-18-1  and  3- 
27-2  eonditions  (Figure  38  and  Figure  39).  The  tensile  stresses  on  the  laser  peened 
speeimens  at  the  surfaee  are  most  likely  the  remnants  of  a  tensile  erust  leftover  from  the 
laser  peeing  beeause  a  saerifieial  layer  of  tape  was  not  used. 

Both  laser  peening  eonditions  produeed  a  larger  eompressive  stress  than  observed 
from  the  surfaee-ground  weld  alone.  However,  the  detailed  stress  profdes  for  the  two 
peening  levels  do  not  show  a  systematie  trend.  The  heavier  peened  speeimen,  3-27-2, 
produeed  a  greater  eompressive  residual  stress  at  6mm  in  both  direetions;  however,  at  the 
4mm  and  8mm  test  points  the  lighter  peened  speeimen,  1-18-1,  had  the  larger 
eompressive  residual  stress.  The  details  of  the  mierostrueture  orientation  may  be  playing 
an  important  role  in  the  relative  level  of  the  residual  stresses.  The  stresses  after  laser 
peening  were  significantly  larger  in  the  transverse  direction  than  in  the  longitudinal 
direction.  Although  some  of  this  difference  may  be  due  to  the  difference  in  the  stresses 
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from  the  welding  itself,  it  is  also  quite  likely  that  plastie  anisotropy  stemming  from  the 
rolled  mierostrueture  of  the  plate  material  may  eause  more  plastie  deformation  in  the 
transverse  direetion;  and  therefore,  a  larger  degree  of  eompressive  residual  stress. 

The  eomplexity  in  the  surface  residual  stress  profiles  after  laser  peening  does 
resemble  results  from  the  work  of  Hatamleh  et  al.[32]  Figure  40  shows  almost  a 
parabolic  increase  in  the  compressive  residual  stress  as  a  function  of  distance  from  the 
weld  centerline  in  both  the  longitudinal  and  transverse  directions.  The  single  layer  laser 
peening  specimen,  1-18-1,  follows  this  trend  where  there  is  a  growing  compressive 
residual  stress  as  the  distance  from  the  weld  toe  increases  in  both  the  transverse  and 
longitudinal  directions. 

Transverse  Stress  per  Distance:  (t)=0  -  at 

surface 


-•-Control  (1")  1-18-1  ->«- 3-27-2 


Figure  38.  Transverse  residual  stresses  as  a  function  of  distance  from  the  weld  toe  in  the 

1-18-1  and  3-27-2  specimens  at  the  surface. 
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Figure  39.  Longitudinal  residual  stresses  as  a  function  of  distance  from  the  weld  toe  in 

the  1-18-1  and  3-27-2  specimens  at  the  surface. 
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Figure  40.  Residual  stresses  for  eomparing  no  peening  to  shot  peening  and  to  laser 
peening  in  both  the  transverse  and  longitudinal  direetions  from  the  weld 
centerline  at  the  surface. (From  [32]) 


The  residual  stresses  as  a  function  of  depth  of  specimens  1-18-1  and  3-27-2 
showed  that  laser  peening  does  impose  a  compressive  residual  stress  (Figure  41  to  Figure 
44).  Except  at  the  6mm  test  point  for  the  longitudinal  direction,  the  1-18-1  consistently 
had  a  more  compressive  residual  stress  than  the  3-27-2.  At  this  point  it  is  not  clear  as  to 
why  the  lighter  peening  had  a  more  compressive  residual  stress.  In  both  laser  peened 
specimens,  there  does  appear  to  a  stress  gradient  forming  in  the  out-of-plane  direction  (z- 
direction),  which  would  imply  that  a  plane-stress  assumption  may  not  be  appropriate  and 
a  full  stress  tensor  analysis  should  be  conducted. 

Measurements  of  the  residual  plastic  strain  may  indicate  the  source  of  the 
difference  in  stress  profile  between  the  two  peening  conditions.  A  measurement  of  the 
FWHM  of  the  diffraction  peak  was  made  as  a  function  of  position  after  laser  peening. 
An  increase  in  FWHM  indicated  more  residual  plastic  strain.  Figure  45  clearly  shows 
that  the  FWHM  values  for  the  3-27-2  specimen  are  greater  than  the  control  and  the  1-18- 
1  specimen  meaning  that  it  has  received  more  plastic  deformation  that  the  other  two 
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conditions;  and  therefore,  should  have  more  eompressive  residual  stresses.  This  trend  is 
clear  for  the  transverse  orientation,  but  for  the  longitudinal  orientation,  the  FWHM 
profile  actually  crosses  for  the  1-18-1  and  3-27-2  laser  peening  eonditions. 


Transverse  Stress  per  Depth:  6mm,  (|)=0 

—•—Control  1-18-1  -1-3-27-2 


Figure  41.  Transverse  residual  stresses  as  a  function  of  depth  in  the  1-18-1  and  3-27-2 

specimens  at  the  6mm  test  point. 
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Longitudinal  Stress  per  Depth:  6mm,  (|)=90 

—•—Control  1-18-1  -tn- 3-27-2 


Figure  42.  Longitudinal  residual  stresses  as  a  function  of  depth  in  the  1-18-1  and  3-27-2 

specimens  at  the  6mm  test  point. 
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Transverse  Stress  per  Depth:  25mm,  (t)=0 

—•—Control  1-18-1  -it- 3-27-2 


Figure  43. 


Transverse  residual  stresses  as  a  function  of  depth  in  the  1-18-1  and  3-27-2 
specimens  at  the  25mm  test  point. 
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Longitudinal  Stress  per  Depth:  25mm,  (|)=90 

—•—Control  1-18-1  —^3-27-2 


Depth  (mm) 


Figure  44. 


Longitudinal  residual  stresses  as  a  function  of  depth  in  the  1-18-1  and  3-27-2 
specimens  at  the  25mm  test  point. 
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Figure  45.  A  plot  of  the  FWHM  at  a  depth  of  0.0254mm.  The  upper  plot  is  for  the 

transverse  direction  at  0=0  degrees  and  the  lower  plot  is  for  the  longitudinal 

direction  at  0=90  degrees. 
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3,  Accounting  for  Crystallographic  Texture 

While  the  general  trends  of  the  residual  stress  profiles  are  reasonable,  some  of  the 
eonfusing  points  in  the  data  may  stem  from  the  difficulty  in  applying  x-ray  residual  stress 
techniques  to  rolled,  aluminum  material.  The  material  being  studied  in  this  thesis  is 
AA5083  with  a  HI  16  heat  treatment  which  consists  primarily  of  hot-rolling.  This  hot- 
rolling  process  results  in  a  material  with  a  recrystallization  texture.  As  can  be  seen  in 
Figure  46,  this  material  does  have  a  weak,  but  measurable  texture. 


Texture  Nam©  Harmonic  L=1$.HW=5  0 
Calculation  Method  Harmonic  Senes  Expansion 
Senes  Rank  (I)  16 
Gaussian  Smoothing  5  0“ 

Sample  Symmetry  Orthotropic 


max  =  2423 
2  091 
1  804 
1557 
1343 
1  159 
1000 
0  863 


Figure  46.  Pole  figures  generated  by  electron  backscattered  diffraction  for  AA5083  plate 

material. 


2 

Texturing  of  the  material  introduces  non-linearities  into  the  sin  \\i  relationship 
(Figure  18c),  making  the  analysis  of  the  stress  from  the  slope  of  the  line  alone  difficult,  if 
not  impossible.  It  was  observed  on  many  occasions  that  the  d  vs.  sin  \|/  plots  exhibited 
oscillatory  characteristics.  Figure  47  portrays  this  phenomenon  across  each  of  the 
measured  specimens.  The  “bump”  at  around  a  sm\  value  of  0.37  in  the  plotted  data 
appears  to  resemble  part  (c)  of  Figure  18.  If  this  is  the  case,  then  Equation  10  and  the 
whole  d  vs.  sin^\|/  analysis  cannot  be  reliably  used  to  calculate  the  strains  and  the  stresses. 
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2 

There  are  approaehes  to  deal  with  the  oscillations  of  the  d  vs.  sin  \|/  plots. [23-25] 
One  way,  proposed  by  the  Dolle-Hauk,  is  to  assume  that  the  oscillations  are  due  to  elastic 
anisotropy. [21]  This  method  addresses  the  fact  that  the  elastic  constants  vary  with  \j/  and 
(j)  tilts  in  heavily  textured  materials.  Because  the  Reuss  limit  describes  the  stress  state 
that  all  interactions  between  the  strains  and  stresses  are  zero,  and  because  the  S’ssij  terms 
are  equivalent  to  the  isotropic  elastic  constants  for  cubic  materials;  using  the  {hOO}  and 
{hhh}  reflections  for  diffraction  (for  cubic  materials)  should  negate  oscillations  on  the  d 
vs.  sin  \|/  plot.  This  theoretical  prediction  of  linear  {hOO}  and  {hhh}  reflections  is  not 
always  satisfied  in  practice. [21]  Based  on  this  argument  and  the  fact  that  the  {400}  could 
not  be  accessed  on  the  XRD  equipment,  an  attempt  to  find  the  stresses  was  made  through 
the  use  of  tensors.  Another  appropriate  correction  is  the  application  of  the  proper  x-ray 
elastic  constants  per  each  \j/  and  (j)  tilt  angle. [23-25]  If  the  material  is  textured,  the  x-ray 
elastic  constants.  Si  and  S2/2,  should  be  used  instead  of  E  and  v  where  Si=v/E  and 
S2/2=(1+v)/E.  There  were  no  substantial  improvements  in  the  calculated  results  when 
using  this  approach  on  the  current  data.[21]. 
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25mm:  ((>=0  at  z=0.254mm 

-♦—1"  Control  -B-l-lS-l  —•—3-27-2 


sin^V 


Figure  47.  Example  of  the  oscillatory  nature  of  the  data  across  the  measured  specimens  at 

□  =0  degrees  and  at  a  depth  of  0.254mm. 

C.  RESIDUAL  STRESS  TENSOR  MEASUREMENTS 
1,  High  Stress  Standard  Tensor  Results 

Because  of  the  crystallographic  texture  of  the  material  and  the  possibility  of  stress 
gradients  with  depth,  a  full  strain  tensor  measurement  and  analysis  was  conducted.  A 
tensor  analysis  was  performed  on  the  high  stress  standard  to  verify  this  procedure.  The 
high  stress  standard  as  mentioned  above  has  a  bi-axial  stress  of  -232±35MPa;  therefore, 
the  intended  results  should  correspond  to  this  known  value  of  stress. 

The  results  in  Table  9  display  the  initial  set  of  tensor  data  collected  and  analyzed 

using  a  symmetric  set  of  □  and  □  angles.  The  stresses  found  in  part  (a)  of  Table  9  were 

implausible  because  they  are  many  times  greater  than  the  yield  strength  of  the  material. 
The  stresses  in  part  (b)  of  Table  9  were  collected  by  selecting  an  intentionally  asymmetric 

set  of  □  and  □  angles  from  the  initial  data  set.  The  stresses  reported  in  part  (c)  of  Table 
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9  were  colleeted  using  a  new  data  set  with  optimized  □  and  □  angles  and  those  results 
were  in  good  approximation  to  the  known  stresses  of  the  standard. 

There  are  two  main  reasons  for  these  extremely  large  changes  in  the  stress  tensor 
for  the  high  stress  standard.  The  first  reason  for  the  unrealistic  stresses  is  because  of  the 
large  condition  number  of  the  coefficient  matrix,  which  is  directly  controlled  by  the 
choice  of  \\f  and  (j)  angles  during  the  measurement.  The  condition  number  is  a  matrix 
property  that  indicates  the  bounds  of  accuracy  and  stability  of  a  matrix.  A  “well- 
conditioned”  (i.e.  stable)  matrix  will  have  a  low  condition  number  while  an  “ill- 
conditioned”  (i.e.  unstable)  matrix  will  have  a  large  condition  number.  Generally  a 
condition  number  above  100,000  is  said  to  be  ill-conditioned,  but  because  of  the 
sensitivities  in  residual  stress  analysis  a  condition  number  of  less  than  one  hundred  is 
desired.  The  more  stable  the  matrix  is,  the  less  error  that  propagates  through  each  of  the 
matrix  calculations. [29,30]  It  is  vital  to  understand  and  establish  a  proper  set  of  \\f  and  (j) 
angles  to  be  used  so  as  to  avoid  a  large  condition  number  of  the  coefficient  matrix.  A 
large  condition  number,  e.g.  greater  than  100,  can  result  in  an  unstable  matrix  inversion, 
which  will  result  in  wild,  unpredictable  swings  in  strain  values  for  a  small  change  in 
measured  d  spacings.  For  example,  a  \|/  angle  vector  of  (-45.53,  -38.99,  -34.53,  34.53, 
38.99,  45.53)  combined  with  a  (j)  angle  vector  (-15,  -10,  -5,  9,  13,  17)  results  in  a 
condition  number  of  7,286,  in  which  any  small  error  in  measuring  s’ss  will  be  magnified 
and  will  result  in  extremely  large  errors  in  the  strain  and  stress  tensors.  The  second 
tensor  data  set  (data  set  #3)  used  an  optimized  \j/  angle  vector  of  (-45,  -40,  -30,  25,  30, 
45)  and  combining  it  with  a  new  (j)  angle  vector  of  (-65,  -35,  -15,  5,  45,  55).  This  new  set 
of  angles  resulted  in  a  condition  number  of  21.74,  which  made  the  coefficient  matrix 
more  well-conditioned. 

The  second  reason  for  the  dramatic  changes  in  the  strain  and  stress  tensors  can  be 
attributed  to  the  value  and  source  of  do  (the  unstressed  lattice  spacing).  When  calculating 
the  stresses  based  on  the  full  tensor  approach,  an  absolute  knowledge  of  do  is 
required.  [19,21]  The  do  value  that  was  measured  and  used  in  the  d  vs.  sin  \j/  technique 
cannot  be  used  for  the  determination  of  the  8 ’33  terms  in  Equation  10  for  the  tensor 
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analysis.  The  difference  between  part  (b)  and  part  (c)  of  Table  9  shows  the  extent  of  how 
the  do  value  can  significantly  change  the  make-up  of  the  stress  tensor.  Part  (b)  of  Table  9 
uses  the  d  vs.  sin  \|/  technique  measured  do  value  whereas  part  (c)  uses  a  do  calculated 
from  Equation  20.  The  dy,],  term  is  a  measured  d  spacing  (in  this  case  at  \|/=0  and  (j)=0 
degrees,  and  is  0.9290492angstroms),  S12  and  Sn  are  elements  of  the  compliance  matrix 
and  are  based  off  of  material  constants  (in  this  case  Sii=1.41e-llPa''  and  Si2=-4.64e- 
12Pa''),  and  an,  a22,  and  033  are  the  components  of  the  stress  tensor  (in  this  case 
a33=0MPa  because  of  the  assumption  of  plane-stress  and  aii=a22=-232MPa  from  the 
known  bi-axial  stress  of  the  high  stress  standard).  Based  off  of  these  assumptions  and 
rough  calculation  the  do  value  in  part  (c)  of  Table  9  becomes  0.9270536angstroms.  It 
produces  a  reasonable,  bi-axial  stress  tensor  that  is  relative  close  to  the  given  stress  range 
of  high  stress  standard,  when  adjusting  the  stress  tensor  to  a  zero  out-of-plane  stress 
condition,  as  opposed  to  using  a  do  value  of  0.9290492angstroms,  as  in  part  (b)  of  Table 
9,  which  calculates  a  non-bi-axial  stress  tensor. 


cIq 


d.. 


(iSi2<7ii  +  S^20'22  +‘^11<^33  +  l) 


(20) 


This  same  approach  cannot  be  applied  for  the  experimental,  welded  and  laser- 
peened  specimens,  because  the  stresses  are  unknown.  It  is  unlikely  that  the  experimental 
results  will  have  a  purely  bi-axial  stress  arrangement;  therefore,  a  powder  diffraction 
measurement  of  the  fillings  from  the  AA5083  material  in  its  stress-free  condition  will 
need  to  be  made  and  analyzed  in  order  to  determine  the  do  value  to  be  used  for  further 
analysis  of  the  stress  tensor  calculations  of  residual  stresses  in  the  specimens.  It  should 
be  noted  that  the  data  from  the  tensor  measurement  when  put  through  a  d  vs.  sin  \|/ 
analysis  produced  stress  values  that  were  in  good  agreement  with  previous  d  vs.  sin  \|/ 
results  at  (j)=0  degrees.  Those  results  actually  fell  close  to  the  margin  of  error  of  the 
measured  stress  using  the  d  vs.  sin  \|/  technique. 

For  example  in  data  set  four,  the  average  of  the  six  measured  high  stress  standard 
values  from  Table  8  was  -247.2±3.7MPa  and  the  stress  calculated  from  the  linear  least 
squares  slope  of  the  measured  tensor  data  was  -241.7MPa.  Both  of  these  stresses 
correspond  to  the  known  value  of  the  high  stress  standard. 
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Angles  (Degrees) 


□ 

□ 

Tensor  Strains 

Tensor  Stresses 
(MPa) 

-45.53 

-15 

□  □□ 

1.1933E-02 

□  □□ 

-2180.85 

-38.99 

-10 

□  □□ 

-6.0636E-02 

□  □□ 

-6060.43 

-34.53 

-5 

□  □□ 

-5.6212E-03 

□  □□ 

-3119.30 

34.53 

9 

□  □□ 

-1.0735E-02 

□  □□ 

-286.94 

38.99 

13 

□  □□ 

7.7914E-04 

□  □□ 

20.83 

45.53 

17 

□  □□ 

1.3640E-04 

□  □□ 

3.65 

Condition  Number: 

7286 

do  (angstroms): 

0.9290492 

Angles  (Degrees) 

□  □ 

Tensor  Strains 

Tensor  Stresses 
(MPa) 

-45.53 

-15 

□  □□ 

-2.2695E-03 

□  □□ 

-188.85 

-38.99 

-10 

□  □□ 

7.4532E-04 

□  □□ 

-27.67 

-6.02 

-5 

□  □□ 

2.2297E-04 

□  □□ 

-55.60 

14.80 

9 

□  □□ 

-5.4873E-03 

□  □□ 

-146.68 

25.04 

13 

□  □□ 

6.2219E-04 

□  □□ 

16.63 

45.53 

17 

□  □□ 

-9.5048E-04 

□  □□ 

-25.41 

Condition  Number: 

166 

do  (angstroms): 

0.9290492 

Angles  (Degrees) 

□  □ 

Tensor  Strains 

Tensor  Stresses 
(MPa) 

-45 

-65 

□  □□ 

-1.6297E-03 

□  □□ 

-169.39 

-40 

-35 

□  □□ 

-1.8699E-03 

□  □□ 

-182.23 

-30 

-15 

□  □□ 

1.9141E-03 

□  □□ 

20.06 

25 

5 

□  □□ 

-1.8586E-04 

□  □□ 

-4.97 

30 

45 

□  □□ 

2.6663E-04 

□  □□ 

7.13 

45 

55 

□  □□ 

6.5767E-05 

□  □□ 

1.76 

Condition  Number: 

21.74 

do  (angstroms): 

0.9270536 

Table  9.  Strain  and  stress  tensor  results  for  the  high  stress  standard  where  (a)  has  an 
extremely  high  eondition  number  resulting  in  implausible  stresses,  (b)  has  a 
mueh  better  (i.e.  lower)  eondition  number,  but  a  non  bi-axial  stress,  and  (e) 
has  an  even  lower  eondition  number  and  a  revised  do  value  resulting  in  a 
more  believable  bi-axial  stress. 
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2. 


Control  and  Laser  Peened  Tensor  Results 


There  was  no  eonsistency  in  the  tensor  results  for  the  eontrol  and  laser  peened 
speeimens.  The  lowering  the  condition  number  of  the  coefficient  matrix  did  seem  to 
help,  but  not  knowing  the  true  do  value  for  the  AA5083  material  made  the  results 
unreliable.  For  all  but  one  measurement  (3-27-2  at  the  25mm  test  point  at  z=0. 508mm), 

the  new  set  of  □  and  □  angles  produced  a  full  compressive  stress  tensor.  The  out-of¬ 
plane  stress  was  equal  to  about  0.5-0.75  the  in-plane  stresses,  which  confirms  that  a  bi¬ 
axial  assumption  is  invalid.  There  was  no  correlation  between  the  in-plane  stresses  for 
different  data  sets,  but  what  was  remarkable  was  that  almost  all  measurements  showed  a 
very  low  amount  of  out-of-plane  shear. 

The  stress  tensor  in  Table  10  is  reasonably  close  to  the  measured  stresses  using 
the  d  vs.  sin  \|/  technique.  Based  on  the  specimen  orientation  (the  x-axis,  parallel  to  the 
weld  centerline,  is  in  the  same  direction  as  G22,  and  the  y-axis,  perpendicular  to  the  weld 
centerline,  is  in  the  same  direction  as  an),  the  reported  stress  for  an  from  the  d  vs.  sin  \\f 
results  is  -55.95±4.10MPa  and  the  accompanying  tensor  stress  is  -65.83MPa  while  the 
stress  for  a22  from  the  d  vs.  sin  \|/  results  is  -37.33±5.26MPa  and  the  accompanying 
tensor  stress  is  -56.04MPa.  Both  of  these  pairings  are  in  good  standing  with  one  another. 
Upon  conducting  a  Mohr’s  circle  analysis,  the  resulting  0  value  to  rotate  the  stress 
element  to  the  principle  axis  was  about  46  degrees.  This  angle  of  rotation  indicates  that 
the  measured  stress  tensor  is  at  a  max  shear  orientation  with  respect  to  the  axes  of  the 
welded  plate,  which  makes  sense  from  the  standpoint  that  the  material  is  plastically 
deforming  from  the  laser  peening.  Again  lower  condition  numbers  do  help  the  data  seem 
more  reasonable,  but  without  a  true  do  value  the  data  is  uncertain. 
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Angles  (Degrees) 

□  □ 

Tensor 

Strains 

Tensor 

Stresses  (MPa) 

-45 

-65 

□  □□ 

-5.5970E-04 

□  □□ 

-65.83 

-40 

-35 

□  □□ 

-3.7447E-04 

□  □□ 

-56.04 

-30 

-15 

□  □□ 

2.2756E-04 

□  □□ 

-24.22 

25 

5 

□  □□ 

-2.7545E-05 

□  □□ 

-0.73 

30 

45 

□  □□ 

-1.2342E-04 

□  □□ 

-3.26 

45 

55 

□  □□ 

-2.0838E-04 

□  □□ 

-5.51 

Condition  Number: 

21.74 

do  (angstroms): 

0.9289142 

Table  10.  Strain  and  stress  tensor  results  for  1-18-1  at  6mm  test  point  z=0. 254mm. 

D,  FUTURE  WORK 

This  master’s  thesis  represents  initial  efforts  on  using  x-ray  diffraction  to  measure 
residual  stresses  in  welded  and  laser  peened  aluminum.  While  these  initial  results  have 
yielded  important  information  about  the  residual  stresses  in  these  materials,  the  approach 
can  be  improved  to  increase  the  accuracy  of  the  measurements. 

A  fuller  accounting  of  the  crystallographic  texture  in  the  material  must  be  made. 
One  way  of  addressing  this  complication  is  by  utilizing  the  {hOO}  or  {hhh}  reflections  for 
the  x-ray  diffraction.  This  change  will  perhaps  eliminate  the  oscillatory  nature  of  the 
strain  measurements  when  analyzed  by  the  d  vs.  sin^\|/  method.  This  modification  can  be 
done  by  utilizing  a  different  type  of  radiation,  for  instance  Cr-Ka.  Cr-Ka  will  allow 
access  to  the  lower-order  reflections  at  higher  Bragg  angles,  e.g.  the  {222}  reflection  at  a 
20  angle  of  157  degrees.  In  addition,  the  {222}  reflection  has  a  higher  fundamental 
intensity  compared  with  intensities  of  the  {331}  and  {420}  reflections,  resulting  in  better 
signal  to  noise  level  in  the  20. 

Another  issue  that  needs  to  be  addressed  in  order  to  gather  better  data  will  be  to 
have  better  control  of  the  mounting  or  the  specimens  in  the  XRD.  More  care  needs  to  be 
taken  to  deal  with  machine  errors  just  from  sample  orientation.  There  are  instrumental 
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errors  from  the  alignment  of  the  speeimen  in  the  XRD  and  from  beam  divergenee  if  the 
speeimen  is  tilted.  A  repeatable  approaeh  will  need  to  be  developed  to  assure  the  proper 
foeal  distanee  between  the  speeimen  and  the  XRD  for  eaeh  data  eolleetion  run. 

Future  work  should  be  foeused  on  obtaining  a  true  do  value  for  use  in  the  full 
tensor  ealeulations.  For  both  the  d  vs.  sin^D  teehnique  and  the  tensor  ealeulations,  a  true 

do  value  will  greatly  enhanee  the  aeeuraey  of  the  measured  strains  and  ealeulated  stresses. 
When  a  erude  estimation  of  do  for  the  high  stress  standard  was  substituted  in  plaee  of  the 

do  found  through  the  d  vs.  sin^D  teehnique,  the  results  beeame  more  realistie  and  eloser 

to  the  expeeted  range  of  stress  values  for  the  high  stress  standard.  A  more  preeise 
measurement  of  the  do  value  will  give  better  results  of  both  the  high  stress  standard  and 
speeimen  analysis.  It  was  also  assumed  that  the  residual  stress  was  bi-axial,  but  upon 
further  analysis  a  tri-axial  approaeh  might  give  better  insight  to  the  stress  distribution  in 
the  test  speeimens. 

Finally,  an  extension  of  this  work  ean  be  applied  to  looking  at  residual  stresses 
onboard  ships.  A  portable  XRD  unit  has  the  potential  to  measure  and  evaluate  the 
amount  of  residual  stress  in  welds  in  high  stress  eoneentration  areas  to  determine  the 
probability  of  eraek  nueleation  and  potential  propagation.  Results  from  this  type  of 
residual  stress  investigation  ean  be  fed  baek  into  finite  element  models  to  better  improve 
the  predieted  stress  loadings  and  potential  failure  seenarios. 
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IV.  CONCLUSIONS 


The  objectives  of  this  master’s  thesis  were  to  use  XRD  measurement  techniques 
to  determine  the  amount  of  compressive  residual  stress  that  laser  peening  can  impose  on 

metal-inert-gas  (MIG)  welded  aluminum  alloy  5083.  Both  a  d  vs.  sin^D  technique  and  a 

full  tensor  analysis  were  carried  out  on  XRD  data  from  three  sets  of  specimens:  1) 
calibration  standards,  for  studying  the  technique  and  calibration,  2)  an  as-welded 
specimen,  which  served  as  a  control  baseline,  and  3)  laser  peened  specimens,  which  were 
evaluated  for  the  amount  of  imposed  compressive  residual  stress.  The  laser  peened 
specimens  used  two  different  laser  peening  conditions  that  altered  the  laser  power 
density,  pulse  duration,  and  number  of  layers. 

From  XRD  residual  stress  measurements  showed  that  laser  peening  does  impose 
compressive  residual  stresses  at  the  surface  and  to  varying  depths  in  AA5083.  The 
residual  stresses  at  the  surface  of  the  laser  peened  specimens  were  two  to  three  times 
more  compressive  than  that  of  the  control  specimen  in  both  the  longitudinal  and 
transverse  directions.  The  residual  stresses  as  a  function  of  depth  in  the  laser  peened 
specimens  were  also  considerably  more  compressive  than  the  control;  however,  the 

analysis  of  the  data  by  the  d  vs.  sin^D  technique  revealed  non-linearities  and  a  full-tensor 

analysis  was  conducted.  These  non-linearities  arose  from  the  anisotropy  of  the  plate 
material  and  the  weld  geometry. 

A  full-tensor  analysis  was  conducted  to  address  the  texturing  of  the  material,  as  it 
was  a  rolled  material,  and  the  stress  gradients  in  the  out-of-plane  direction.  Critical 
parameters  for  successful  tensor  measurements  were  identified,  including  the 
susceptibility  of  the  analysis  to  numeric  instability  and  the  importance  of  an  independent 
measurement  of  a  strain-free  lattice  parameter,  do.  Some  encouraging  results  from  a 
highly  stressed,  aluminum  standard  demonstrate  that  the  full  tensor  approach  can  produce 
tri-axial,  full-tensor  stress  measurements. 
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Positive  □  Angles 


Negative  □  Angles 


Detector  1 

Detector  2 

Detector  1 


Positive  □  Angles 

Detector  1 

Detector  2 

23 

7.5 

23 

38.5 

24 

8.5 

24 

39.5 

25 

9.5 

25 

40.5 

26 

10.5 

26 

41.5 

27 

11.5 

27 

42.5 

28 

12.5 

28 

43.5 

29 

13.5 

29 

44.5 

30 

14.5 

30 

45.5 

Negative  □  Angles 

Detector  1 

Detector  2 

-23 

-38.5 

-23 

-7.5 

-24 

-39.5 

-24 

-8.5 

-25 

-40.5 

-25 

-9.5 

-26 

-41.5 

-26 

-10.5 

-27 

-42.5 

-27 

-11.5 

-28 

-43.5 

-28 

-12.5 

-29 

-44.5 

-29 

-13.5 

-30 

-45.5 

-30 

-14.5 

Table  11.  Relationship  of  □  to  □  angles  for  detector  1  and  detector  2  for  the  {331} 

reflection  using  a  cobalt  tube. 
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Detector  2 

□ 

□ 

-45 

-60.5 

-40 

-55.5 

-35 

-50.5 

-30 

-45.5 

-25 

-40.5 

-20 

-35.5 

-15 

-30.5 

-10 

-25.5 

-5 

-20.5 

0 

-15.5 

5 

-10.5 

10 

-5.5 

15 

-0.5 

20 

4.5 

25 

9.5 

30 

14.5 

35 

19.5 

40 

24.5 

45 

29.5 

Detector  1 

□ 

□ 

-45 

-29.5 

-40 

-24.5 

-35 

-19.5 

-30 

-14.5 

-25 

-9.5 

-20 

-4.5 

-15 

0.5 

-10 

5.5 

-5 

10.5 

0 

15.5 

5 

20.5 

10 

25.5 

15 

30.5 

20 

35.5 

25 

40.5 

30 

45.5 

35 

50.5 

40 

55.5 

45 

60.5 

Table  12.  Relationship  of  □  to  □  angles  for  deteetor  1  and  deteetor  2  for  the  {331} 

reflection  using  a  cobalt  tube. 
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Figure  48.  This  is  an  example  of  the  sereenshot  of  the  peak  fitting  constants  used  for 
experimental  and  calibration  measurements  per  this  work.  Provided  by  MIC. 
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CoVecdon  Constants  |  Fitting  Constants  |  Matetial  Chait 
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Figure  49.  This  is  an  example  of  a  screenshot  of  the  □  and  □  angles  used  for 

experimental  measurements.  Provided  by  MIC. 
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Data  Set  3  Detector  1  Detector  2 


Data  Set  4  Detector  1  Detector  2 


29.50 

24.50 
22.00 

19.50 

14.50 
0.00 

-14.50 

-19.50 

-22.00 

-24.50 

-29.50 


14.00 

9.00 

6.50 

4.00 

-1.00 

-15.50 

-30.00 

-35.00 

-37.50 

-40.00 

-45.00 


45.00 

40.00 

37.50 
35.00 
30.00 

15.50 
1.00 
-4.00 
-6.50 
-9.00 
-14.00 


29.50 

24.50 

19.50 

14.50 

9.50 
0.00 
-9.50 
-15.50 
-19.50 
-24.50 
-29.50 


14.00 

9.00 

4.00 

-1.00 

-6.00 

-15.50 

-25.00 

-30.00 

-35.00 

-40.00 

-45.00 


45.00 

40.00 

35.00 

30.00 

25.00 

15.50 

6.00 

1.00 

-4.00 

-9.00 

-14.00 


Table  15.  □  and  □  angles  of  detector  1  and  detector  2  used  for  data  sets  three  and 

four. 


Specimens  at  0=0  and  z=surface 


Distance  from 

Weld  Toe 

Control  (1") 

1-18-1 

3-27-2 

(mm) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

2 

-18.27 

2.86 

-0.99 

3.31 

-22.82 

3.52 

4 

-20.04 

2.55 

-46.00 

2.47 

-36.36 

3.12 

6 

-12.73 

1.33 

-41.97 

3.41 

-54.39 

2.33 

8 

-7.96 

3.68 

-38.86 

3.22 

-23.68 

2.18 

Specimens  at  □=□  and  z=0.0254mm 


Distance  from 
Weld  Toe 
im) 

2 _ 

4 _ 

6 _ 

8 


Control  (1") 

1-18-1 

3-27-2 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

-33.11 

6.22 

13.16 

5.43 

-3.66 

7.44 

-25.59 

5.03 

4.91 

5.99 

-4.19 

6.08 

-28.37 

3.67 

-11.40 

5.04 

-39.81 

4.63 

-9.71 

3.42 

11.84 

2.58 

4.90 

2.84 

25 

-33.11 

2.59 

-15.95 

3.38 

-12.01 

4.38 

(c) 

Specimens  at  □=□  and  z=0.254mm 

Distance  from 

Weld  Toe 

Control  (1") 

1-18-1 

3-27-2 

(mm) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

2 

4 

6 

-18.01 

4.08 

-55.95 

4.10 

-38.41 

2.09 

8 

25 

-21.80 

3.40 

-71.86 

4.03 

-38.76 

4.61 

(d) 

Specimens  at  0=0  and  z=0.508mm 

Distance  from 

Weld  Toe 

Control  (1") 

1-18-1 

3-27-2 

(mm) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

2 

4 

6 

-12.73 

8.97 

-33.28 

5.84 

-11.10 

5.67 

8 

25 

-1.88 

8.47 

-47.52 

5.29 

-32.94 

2.20 

Table  16.  Results  of  measured  stresses  transverse  to  the  weld  centerline  at  0=0 
degrees  for  various  test  locations  and  at  various  depths  of  (a)  surface,  (b) 
0.0254mm,  (c)  0.254mm,  and  (d)  0.508mm. 


(a) 

Specimens  at  0=90  and  z=surface 

Distance  from  Weld  Toe 

Control  (1") 

1-18-1 

3-27-2 

(mm) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

2 

3.42 

4.46 

38.76 

3.47 

16.05 

4.91 

4 

2.15 

3.46 

-7.22 

4.25 

3.56 

4.88 

6 

8.23 

3.36 

-14.15 

5.70 

-32.94 

3.69 

8 

17.48 

3.71 

-18.57 

4.27 

6.76 

2.71 

25 

(b) 

Specimens  at  0=90  and  z=0. 0254mm 

Distance  from  Weld  Toe 

Control  (1") 

1-18-1 

3-27-2 

(mm) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

2 

-6.67 

5.45 

46.73 

3.52 

54.62 

7.64 
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4 

-0.25 

3.79 

16.36 

4.98 

34.57 

3.39 

6 

-3.98 

5.23 

12.61 

5.04 

-8.31 

2.98 

8 

12.15 

5.05 

26.53 

5.60 

40.35 

2.72 

25 

14.36 

2.90 

27.56 

2.82 

3.32 

2.57 

(c) 

Specimens  at  0=90  and  z=0. 254mm 

Distance  from  Weld  Toe 

Control  (1") 

1-18-1 

3-27-2 

(mm) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

2 

4 

6 

-2.07 

4.49 

-37.33 

5.26 

-44.97 

3.27 

8 

25 

12.31 

3.95 

-37.25 

5.59 

-28.62 

3.86 

(d) 

Specimens  at  0=90  and  z=0. 508mm 

Distance  from  Weld  Toe 

Control  (1") 

1-18-1 

3-27-2 

(mm) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

(MPa) 

(+/-) 

2 

4 

6 

8.19 

4.63 

-19.04 

5.58 

-28.75 

3.47 

8 

25 

17.05 

3.22 

-30.86 

4.19 

4.13 

3.38 

Table  17.  Results  of  measured  stresses  longitudinal  to  the  weld  centerline  at  0=90 

degrees  for  various  test  locations  and  at  various  depths  of  (a)  surface,  (b) 
0.0254mm,  (c)  0.254mm,  and  (d)  0.508mm. 
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